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Obesity is one of the major disease epidemics of the modern world because if its high 
prevalence – approximately 10% of the global population is obese, and approximately 30% is 
overweight – and because of its high association with cardiovascular disease and mortality. 
Currently the only effective anti-obesity treatment to induce sufficient weight loss and to 
decrease associated cardiovascular disease and mortality is bariatric, or gastrointestinal 
surgery. The current gold standard  bariatric procedure is Roux-en-Y gastric bypass (RYGB), 
where a small part of the stomach is directly connected to the distal small intestine while the 
rest of the stomach and the proximal small intestine are bypassed, resulting in restriction of 
food intake and in an altered nutrient flow through the gastrointestinal tract. Presently it is 
not known whether the beneficial effects of RYGB on energy metabolism and the 
cardiovascular system are entirely mediated by weight loss, or there are also other weight-
independent mechanisms involved. We hypothesized that RYGB surgery improves obesity-
induced endothelial and high-density lipoprotein (HDL) dysfunction rapidly and 
independently of weight loss through glucagon-like peptide-1 (GLP-1) and c-jun N-terminal 
kinase (JNK) dependent mechanisms. To test this hypothesis, we performed RYGB surgery in 
diet-induced obese rats and studied ex vivo endothelial function and in vitro HDL functional 
properties 8 days after surgery; weight-dependent and -independent effects were assessed 
using sham-operated ad libitum-fed and sham-operated body weight-matched control 
groups. The roles of GLP-1 and JNK in mediating the beneficial cardiovascular effects of RYGB 
were assessed using in vivo pharmacological agonists and/or antagonists of GLP-1 and JNK. 
In addition, we assessed the in vitro HDL functional properties of RYGB patients before and 
shortly after RYGB surgery. We demonstrate that in rats RYGB improves endothelial function 
and HDL endothelial protective properties independently of weight loss within 8 days after 
surgery; in humans HDL protective properties improve within 2 weeks and 3 months after 
surgery. The effect on endothelial function was mediated by GLP-1 receptor-dependent JNK2 
inhibition in aorta, and the effect on HDL function was mediated by GLP-1 receptor-
independent mechanisms. These results highlight novel roles of GLP-1 and JNK2 in the 
restoration of obesity-induced endothelial dysfunction after RYGB. This knowledge could be 
exploited in the future to develop new non-invasive anti-obesity treatments that mimic the 




Adipositas (Fettleibigkeit) zählt wegen ihrer Häufigkeit – etwa 10 % der Weltbevölkerung 
sind adipös und circa 30 % sind übergewichtig – und wegen des häufigen Auftretens 
kardiovaskulärer Begleiterkrankungen zu den grössten Epidemien der Moderne. Eine 
gastrointestinale Operation ist die derzeit einzig effektive Behandlung, die sowohl genügend 
Gewichtsreduktion, als auch eine Verringerung des kardiovaskulären Risikos induziert. Der 
aktuelle Goldstandard ist der Roux-en-Y-Magenbypass (RYMB), der zu einer Verminderung 
der Nahrungsaufnahme und einem veränderten Nahrungsmittelfluss durch den 
Gastrointestinaltrakt führt. Bisher ist nicht bekannt, ob die positive Effekte des RYMB auf 
Metabolismus und kardiovaskuläres System einzig durch den Gewichtsverlust vermittelt 
werden, oder ob zusätzlich andere gewichtsunabhängige Mechanismen beteiligt sind. Wir 
stellten die Hypothese auf, dass nach einem RYMB adipositasinduzierte HDL- und 
Endotheldysfunktion verbessert werden und dass dies schnell und unabhängig von einem 
Gewichtsverlust aufgrund GLP-1 und JNK-abhängiger Mechanismen geschieht. Um diese 
Behauptung zu testen untersuchten wir Endothelfunktion und HDL-Eigenschaften in RYMB-
operierten adipösen Ratten 8 Tage nach dem Eingriff. Gewichtsabhängige und –unabhängige 
Effekte wurden mit Hilfe von placebooperierten gewichtsangepassten Kontrolltieren 
beurteilt. Die Rollen von GLP-1 und JNK bei der Vermittlung der positiven Effekte des RYMB 
wurden in vivo mittels Einsatz pharmakologischer Agonisten und/oder Antagonisten 
betrachtet. Zusätzich wurde HDL bezüglich seiner funktionellen Eigenschaften in RYMB-
Patienten vor und nach dem Eingriff analysiert. Wir konnten zeigen, dass RYMB in Ratten 
Endothelfunktion und HDL-Beschaffenheit unabhängig von einem Gewichtsverlust innerhalb 
von 8 Tagen nach Operation verbessert. Im Patienten verbesserten sich die HDL-
Eigenschaften innerhalb von 2 Wochen bis 3 Monaten nach RYMB. Der Effekt auf die 
Endothelfunktion wurde in Aortae durch GLP-1-rezeptorabhängige JNK2-Inhibierung 
vermittelt, während der Effekt auf HDL unabhängig vom GLP-1-Rezeptor stattfand. Diese 
Ergebnisse zeigen neue Rollen für GLP-1 und JNK2 in der Wiederherstellung der 
Endothelfunktion von Adipositaspatienten nach RYMB auf. In Zukunft könnten diese 
Erkenntnisse genutzt werden, um neue nichtinvasive Therapien der Adipositas mit 





3.1 Prevalence of obesity 
Obesity, defined as a body mass index (BMI, calculated as the weight in kilograms divided by 
the height in squared meters) over 30 kg/m
2 
(normal BMI  between 18-24.9 kg/m
2
), is one of 
the major health epidemics of the contemporary world [1]. The worldwide prevalence of 
adult overweight (BMI between 25-29.9 kg/m
2
) and obesity combined has increased from 
28.8% in 1980 to 36.9% in 2013 for men, and from 29.8% in 1980 to 38% in 2013 for women, 
which corresponds to a total increase of 27.5% over three decades [1]. In 2014, the global 
prevalence of obesity was 10.8% for men and 14.9% for women [2]. BMI increases with age, 
reaching a peak of 60% overweight and 25% obese men at 55 years of age, and a peak of 
64.5% overweight and 31.3% obese women at 60 years of age in developed countries [1]. 
The statistics for childhood and adolescent overweight and obesity in developed countries 
are also staggering – the overweight prevalence has increased from 16.9% in 1980 to 23.8% 
in 2013 for boys, and from 16.2% to 22.6% for girls; the total increase in children overweight 
and obesity has been estimated at 47.1% over the last three decades [1]. Similar age-related 
patterns are also observed in developing countries; in fact, 62% of the world`s obese 
individuals are estimated to live in developing countries [1]. 
3.2 Obesity, cardiovascular disease, and mortality 
Besides the increase in prevalence, obesity and overweight are a major health concern 
because of the associated higher mortality, and in particular higher cardiovascular mortality 
in both men and women. The relative risk of death is 2 to 3 times higher for obese [3], and 
20% to 40% higher for overweight individuals [3] compared with individuals with normal 
weight. This mortality risk increases with BMI in all age groups [3, 4], all racial and ethnic 
groups [4] and for all causes of death [3-6], but a higher BMI is most strongly associated with 
death from cardiovascular disease [3, 5]. In fact, each 5 kg/m2 increase in BMI is associated 
with a 30% higher overall mortality and a 40% higher cardiovascular mortality [5]. Excess 
weight alone is estimated to account for 7.7% of deaths in men and 11.7% of deaths in 
women [4]. This association between BMI and mortality is strongest in younger individuals 
with no history of smoking or chronic disease [3, 4, 6, 7], where excess weight accounts for 
18.1% and 18.7% of premature deaths in men and women respectively [4]. Indeed, it has 
been estimated that in young obese individuals - the group with the highest obesity-
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associated mortality risk - median survival is reduced by up to 13-20 years in men, and by up 
to 5-8 years in women [7]. 
The strong correlation of obesity with cardiovascular mortality could be explained by the 
association of obesity with classical cardiovascular risk factors such as hypertension, 
dyslipidemia, and type 2 diabetes. BMI is linearly associated with systolic and diastolic blood 
pressure [5, 8, 9], and a BMI above 25 kg/m2 accounts for 34% of hypertension in men and 
62% of hypertension in women [9]. Total blood cholesterol also increases with BMI [8]. In 
contrast, BMI is inversely associated with high density lipoprotein (HDL) levels [5, 8], and 
thus it is positively associated with the ratio of non-HDL to HDL cholesterol [5]. Both 
hypertension and dyslipidemia, alone or in combination, are associated with BMI in men and 
women, in all racial and ethnic groups, and in most age groups, especially in younger 
individuals [8]. Increased blood pressure alone accounts for 31% of the risk for coronary 
artery disease (CAD) and 65% of the risk for stroke; overweight and obesity are both 
associated with CAD and cerebrovascular disease [10]. In fact, the relative risk for CAD and 
stroke increases with 27% and 18% respectively for each 5 kg/m2 increase in BMI [10]. In 
addition, obesity is associated with a 40% increased mortality from ischemic heart disease 
[5], and with a >90% increased risk of heart failure [11]. The risk of heart failure increases 
with 5% for men and 7% for women for each 1 kg/m2 increase in BMI, and obesity alone 
accounts for 11% of heart failure in men and 14% of heart failure in women [11]. Finally, 
obesity is strongly associated with type 2 diabetes, which itself is an independent 
cardiovascular risk factor [5, 12]; the relative risk for type 2 diabetes is 7 times higher in 
obese and 3 times higher in overweight individuals compared with individuals with normal 
weight [12]. 
3.3 Treatment of obesity 
Considering the high prevalence of obesity and overweight and their strong association with 
cardiovascular disease and mortality, lifestyle and medical weight loss interventions to treat 
or prevent obesity-associated cardiovascular disease have been extensively investigated. 
Currently there are three major options to treat obesity – lifestyle interventions such as diet 
and exercise; pharmacological treatments to reduce food intake, reduce fat absorption, or 
increase energy expenditure; and restrictive or malabsorptive gastrointestinal surgery, also 
known as bariatric surgery. 
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3.3.1 Intensive lifestyle intervention 
There have been many studies investigating the efficacy of lifestyle interventions to reduce 
body weight and to ameliorate cardiovascular risk factors. Very-low-calorie diets, for 
example, can lead to a mean weight reduction of 22.6%-25.5%, with 98% of subjects losing 
at least 10% of their initial weight in the short term [13]. After a three-year follow-up, 53% of 
subjects maintain a weight loss of 5% of their initial weight, and 35% maintain a weight loss 
of 10% or more of their initial weight [13]. After a five-year follow-up, 29% of subjects 
maintain a weight-loss of 4.5%-6.6% of their initial weight [14]. Combination of diet and 
exercise leads to a higher weight loss and weight loss maintenance after five years, where 
average weight loss is 12.5% [14]. In fact, the combination of diet and exercise leads to a 
20% greater initial weight loss and a 20% greater weight loss maintenance after one year 
[15]. Finally, the Look AHEAD Study, which is the longest randomized controlled study on 
intensive lifestyle intervention on weight management, showed that a combination of diet 
and exercise leads to a mean weight loss of 4.7% after eight years, with 50% of subjects 
maintaining a weight loss of 5% of their initial weight, and 26.9% of subjects maintaining a 
weight loss of 10% or more of their initial weight [16]. 
Although lifestyle diet and exercise interventions only lead to an average weight loss of 5%-
10% in the long term, it has been shown that this amount of weight loss is clinically relevant, 
because it leads to reduced plasma glucose levels, blood pressure, total cholesterol and low-
density lipoprotein (LDL) levels, and to increased HDL levels [17]. These changes in 
cardiovascular risk factors are directly proportional to the total amount of weight loss [18]. 
More specifically, every kilogram of body weight lost is associated with a 0.015 mmol/L 
decrease in triglycerides, a 0.05 mmol/L decrease in total cholesterol, and a 0.02 mmol/L 
decrease in LDL [19]; the effect on HDL is not so clear as HDL levels decrease by 0.007 
mmol/L per kg when subjects are actively losing weight, and increase by 0.009 mmol/L per 
kg when weight loss is maintained [19]. Blood pressure is also significantly decreased already 
at six months after the start of lifestyle intervention, and is directly proportional to the 
amount of weight loss; the risk of hypertension is decreased by 65% after three years in 
subjects that successfully maintain their weight loss [20]. Intensive lifestyle intervention also 
leads to prevention of type 2 diabetes – weight loss leads to decreased fasting glucose levels 
and decreased glucose and insulin levels after an oral glucose tolerance test, and to a 58% 
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decreased risk of type 2 diabetes [21, 22]. In fact, lifestyle intervention is more effective in 
preventing the incidence of type 2 diabetes in overweight subjects than treatment with the 
anti-diabetic drug metformin, which leads to only a 31% decreased risk of type 2 diabetes 
[22]. Finally, intensive lifestyle intervention can also lead to a partial remission of type 2 
diabetes by 11.5% after one year and by 7.3% after four years [23].  
However, despite these beneficial effects of lifestyle intervention-induced weight loss on 
cardiovascular risk factors, the Look AHEAD and the Finnish Diabetes Prevention studies 
showed that intensive diet and exercise intervention do not reduce overall cardiovascular 
mortality in obese subjects with type 2 diabetes after a ten-year follow-up [24, 25]; another 
study confirmed the lack of effect on mortality with lifestyle intervention after a twenty-year 
follow-up [26]. 
3.3.2 Pharmacological therapy 
Anti-obesity pharmacological treatment is currently recommended as an adjunct therapy in 
obese individuals who are not able to achieve a clinically relevant body weight loss of 5%-
10% with lifestyle intervention alone. Examples of currently approved drugs for long-term 
obesity treatment in the US or Europe include orlistat, a lipase inhibitor; lorcaserin, a 
serotonin receptor agonist; phentermine/topiramate combination therapy; and liraglutide, a 
glucagon-like peptide-1 (GLP-1) analogue. The following paragraphs discuss the effects on 
weight loss and cardiovascular risk markers of some of these currently available anti-obesity 
drugs. 
Orlistat is a pancreatic/gastric lipase inhibitor that blocks intestinal digestion and absorption 
of approximately 30% of ingested fat, therefore reducing dietary fat intake [27-31]. When 
combined with a hypocaloric diet (a 600 kcal/day deficit),  it leads to a mean body weight 
loss of 5.9%-10.2% after one year, compared with a mean body weight loss of 4.6%-6.6% 
after placebo treatment [27-31]. Of these, 54.2%-72.8% of orlistat-treated subjects lose 
more than 5% of their initial body weight compared with 40.9%-45.1% of placebo-treated 
subjects, and 38.3%-41%% of orlistat-treated subjects lose more than 10% of their initial 
body weight compared with 18.8%-24.8% of placebo-treated subjects [28-30]. Two years 
after start of treatment, 57.1% of orlistat-treated subjects maintain a body weight loss of 
more than 5% compared with 37.4% of placebo-treated subjects, and 28.2%-34.1% of 
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orlistat-treated subjects maintain a body weight loss of more than 10% compared with 
17.5%-18.6% of placebo-treated subjects [27, 28, 30]. After four years of treatment, 52.8% 
of orlistat-treated subjects maintain a body weight loss of more than 5% compared with 
37.3% of placebo-treated subjects, and 26.2% of orlistat-treated subjects maintain a body 
weight loss of more than 10% compared with 15.6% of placebo-treated subjects [31]. 
Therefore, orlistat is not only able to induce a greater body weight loss when compared to 
diet alone, but also to more successfully maintain this body weight loss in the long term. In 
addition, greater orlistat-induced body weight loss is also associated with greater reductions 
in cardiovascular risk factors such as total cholesterol, LDL, LDL/HDL ratio, blood pressure, 
fasting glucose and insulin levels, and glycated haemoglobin (HbA1c) after one year of 
treatment when compared to diet alone [27-30, 32]. Finally, orlistat is also able to reduce 
the incidence of type 2 diabetes by 37.3% after four years of treatment [31].  
Another anti-obesity drug, lorcaserin, reduces appetite and food intake by selectively 
activating serotonin receptors in the hypothalamus that induce anorexigenic pro-
opiomelanocortin signalling in the brain [33-36]. Similarly to orlistat, when combined with a 
hypocaloric diet it leads to a mean body weight loss of 5.8% after one year, compared to a 
mean body weight loss of 2.2%-2.8% after placebo treatment in non-diabetic subjects [33, 
34]. Of these, 47.2%-47.5% of lorcaserin-treated subjects lose more than 5% of their initial 
body weight compared with 20.3%-25% of placebo-treated subjects, and 22.6% of 
lorcaserin-treated subjects lose more than 10% of their initial body weight compared with 
7.7%-9.7% of placebo-treated subjects [33, 34]. In diabetic subjects, one-year lorcaserin 
treatment leads to a mean body weight loss of 4.5% compared to a 1.5% body weight loss 
after placebo treatment [35]. Of these, 37.5% of lorcaserin-treated subjects lose more than 
5% of their initial body weight compared with 16.1% of placebo-treated subjects, and 16.3% 
of lorcaserin-treated subjects lose more than 10% of their initial body weight compared with 
4.4% of placebo-treated subjects [35]. Greater lorcaserin-induced body weight loss is also 
associated with greater reductions in cardiovascular risk factors such as total cholesterol, 
LDL, triglycerides, blood pressure, fasting glucose and insulin levels, and HbA1c after one 
year of treatment when compared with diet alone [33, 36]. 
The combination therapy phentermine/topiramate decreases food intake and increases 
energy expenditure [37]. Similarly to orlistat and lorcaserin, when combined with a 
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hypocaloric diet it leads to a mean body weight loss of 9.8%-10.9% after one year, compared 
to a mean body weight loss of 1.2%-1.6% after placebo treatment [37, 38]. Of these, 66.7%-
70% of treated subjects lose more than 5% of their initial body weight compared with 17.3%-
21% of placebo, and 48% of treated subjects lose more than 10% of their initial body weight 
compared with 7% of placebo [37, 38]. Two years after start of treatment, mean weight loss 
in the treatment group is 10.5% from initial body weight compared with 1.8% in the placebo 
group [39], suggesting that phentermine/topiramate combination therapy is able not only to 
induce a greater body weight loss when compared with diet alone, but also to more 
successfully maintain this body weight loss in the longer term. In addition, the greater body 
weight loss is also associated with greater reductions in cardiovascular risk factors such as 
total cholesterol, LDL, triglycerides, blood pressure, fasting glucose and insulin levels, and 
HbA1c, as well as increased HDL levels after one or two years of treatment when compared 
with diet alone [37-39]. Finally, phentermine/topiramate treatment is also able to reduce 
the incidence of type 2 diabetes by 76% after two years of treatment [39]. 
The most recently approved anti-obesity drug, liraglutide, is a synthetic analogue of GLP-1, a 
gastrointestinal peptide hormone that stimulates pancreatic insulin secretion, delays gastric 
emptying, and inhibits food intake through vagal stimulation [40, 41]. After one year of 
liraglutide treatment combined with a hypocaloric diet, 73%-81.4% of liraglutide-treated 
subjects lose more than 5% of their initial body weight compared with 28%-48.9% of 
placebo-treated subjects, and 37% of liraglutide-treated subjects lose more than 10% of 
their initial body weight compared with 10% of placebo-treated subjects [40, 41]. In 
addition, liraglutide is able to induce a greater weight loss when directly compared with 
orlistat, which induces a 5% weight loss in only 44% of subjects (versus 73% with liraglutide 
treatment), and a 10% weight loss in only 14% of subjects (versus 37% with liraglutide 
treatment) in the same clinical trial after one year [40]. After two years of treatment, 52% of 
liraglutide-treated subjects maintain more than 5% of body weight loss compared with 29% 
of orlistat-treated subjects, and 26% of liraglutide-treated subjects maintain more than 10% 
of body weight loss compared with 16% of orlistat-treated subjects [40]. Interestingly, 
greater liraglutide-induced body weight loss is not associated with greater reductions in total 
cholesterol, LDL, and triglycerides after one year, but is associated with decreased blood 
pressure, fasting glucose, and HbA1c when compared with diet alone [40, 41]. In addition, 
liraglutide significantly increases HDL and decreases triglycerides, blood pressure, fasting 
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glucose, and HbA1c when compared with orlistat two years after start of treatment [40]. 
Finally, liraglutide is able to significantly reduce the prevalence of pre-diabetes when 
compared to both placebo and orlistat one and two years after start of treatment [40]. 
To summarize, adjunct pharmacological treatment of obesity is able to achieve significantly 
greater body weight loss and greater reductions in cardiovascular risk factors over a period 
of one year or more when compared with intensive lifestyle modification alone. However, 
despite improvements in cardiovascular risk factors, to date there are no studies 
demonstrating a beneficial effect of anti-obesity drugs on overall and cardiovascular 
mortality in the long term. In addition, pharmacological treatment of obesity is associated 
with specific side effects – increased gastrointestinal adverse events and decreased 
absorption of fat-soluble vitamins with orlistat [28]; headache, dizziness, and nausea with 
lorcaserin [33, 34, 36]; dry mouth, constipation, and insomnia with phentermine/topiramate 
[37, 38]; and nausea and vomiting with liraglutide [40, 42]. 
3.3.3 Bariatric surgery 
Bariatric surgery is the common term for several gastrointestinal surgical procedures which 
are used to treat obesity by either restricting oral food intake or by reducing intestinal food 
absorption [43]. Currently surgical treatment of obesity is recommended to severely obese 
individuals with BMI>40 kg/m
2
, or with BMI>35 kg/m
2 
and an accompanying comorbidity 
such as type 2 diabetes, hypertension, or dyslipidemia, and which have been unsuccessful in 
reducing their body weight with conventional anti-obesity therapy [43]. Presently the most 
commonly performed procedures are Roux-en-Y gastric bypass (RYGB), vertical sleeve 
gastrectomy (VSG), and adjustable gastric banding (AGB) [44]. 
3.3.3.1 RYGB versus AGB and VSG 
AGB is a restrictive and reversible procedure where an inflatable silicone band is implanted 
around the upper stomach to create a very small gastric pouch, therefore limiting stomach 
capacity and overall food intake; the size of the pouch can be individually adjusted by 
inflation of the gastric band with saline solution (Fig. 1A) [43]. VSG is an irreversible 
restrictive procedure where  approximately 75% of the greater curvature of the stomach is 
removed, creating a small sleeve-like stomach that also limits overall food intake (Fig. 1B) 
[43]. RYGB, on the other hand, is a hybrid restrictive-bypass procedure where a very small 
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gastric pouch is created by cutting the uppermost part of the stomach and directly 
connecting it to the jejunum in the distal part of the small intestine; the rest of the stomach 
and the duodenum in the proximal intestine are bypassed and re-connected to the distal 
jejunum. This procedure creates a Y-shaped structure in the intestine where largely 
undigested food passes through the newly created gastric pouch and the so-called 
alimentary (or Roux) limb, while pancreatic juices and bile acids pass through the bypassed 
part of the duodenum, now called the biliopancreatic limb, before finally mixing in the distal 
part of the intestine, or the common channel (Fig. 1C). Therefore, RYGB not only restricts 
food intake by creating a smaller gastric pouch, but bypassing the proximal small intestine 




Fig. 1. Gastrointestinal anatomy of the three most commonly performed bariatric procedures. (A) Adjustable 








Bariatric surgery procedures are more effective than intensive lifestyle intervention and 
pharmacological therapy in inducing weight loss and in ameliorating cardiovascular risk 
factors for at least ten years of follow-up [46-50]. Bariatric surgery induces weight loss, 
decreases triglyceride, glucose, and HbA1c levels, and increases HDL levels significantly more 
than non-surgical treatment, and leads to a higher remission of type 2 diabetes and 
hypertension [46-50]. Currently the most commonly performed bariatric surgery is RYGB 
(45% of all bariatric procedures), followed by VSG (37% of all bariatric procedures) and AGB 
(10% of all bariatric procedures) [44]. Numerous clinical studies directly comparing RYGB and 
AGB have shown that RYGB is more effective than AGB in inducing weight loss and 
ameliorating obesity-associated comorbidities such as hypertension, dyslipidemia, and type 
2 diabetes. One year after surgery, RYGB induces a 35% mean weight loss of initial weight 
and AGB induces only a 15% mean weight loss, which are maintained for up to three years 
after surgery [51]; ten years after surgery, 25% weight loss is maintained after RYGB and 13% 
after AGB [46]. This difference in weight loss becomes statistically significant already at one 
month [52] and three months after surgery [52-54]. Three years after surgery, RYGB results 
in significantly higher levels of complete or partial remission of type 2 diabetes, dyslipidemia, 
and hypertension than AGB [51, 54, 55]. VSG, on the other hand, is almost as effective as 
RYGB in inducing weight loss and in ameliorating obesity-associated comorbidities [56, 57]. 
Some studies show no difference in weight loss between RYGB and VSG one year after 
surgery [56], while others suggest that the weight loss effect of VSG is intermediate between 
RYGB and AGB [57]. Similarly, some studies show no difference in resolution of 
comorbidities between RYGB and VSG one year after surgery [56], while others suggest 
resolution of comorbidities is intermediate between RYGB and AGB [57]. Therefore, RYGB is 
currently considered the most effective treatment to induce weight loss, reduce 
cardiovascular risk factors, and ameliorate associated comorbidities in severely obese 
individuals. 
3.3.3.2 RYGB and cardiovascular risk markers 
More specifically, one year after surgery RYGB decreases total cholesterol by 12.5%-16%, 
triglycerides by 41.2%-63%, and LDL by 19.4%-31%, and increases HDL by 23.2%-39% 
compared to baseline levels [58, 59]; these differences in lipid levels become statistically 
significant already at three months [59] and six months after surgery [60], and are sustained 
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in the longer term [60, 61]. Five and six years after RYGB surgery, total cholesterol levels are 
lower by 5.2%-27%, triglycerides by 31.4%-47%, and LDL by 11.6%-40%, and HDL levels are 
higher by 12%- 33.7% compared to baseline levels [60, 61]. Systolic and diastolic blood 
pressure also decreases by respectively 14% and 11% one year after RYGB [62]. This 
decrease in cardiovascular risk factors results in complete resolution of type 2 diabetes in 
45.8% of patients, dyslipidemia in 54.2% of patients, and hypertension in 37.5% of patients 
already at two months after surgery [63]. Six years after surgery, RYGB leads to 62% 
remission from type 2 diabetes and 42% remission from hypertension [47].  
It has been suggested that increasing total HDL levels alone is not predictive of improved 
cardiovascular risk, and that HDL remodelling and functional properties are more important 
for maintaining cardiovascular health [64, 65]. In addition to its major anti-atherogenic role 
in mediating reverse cholesterol transport from peripheral tissues back to the liver, HDL also 
has other important endothelial functions – it can stimulate vasodilatory nitric oxide (NO) 
production from endothelial cells, protects them from inflammation and apoptosis, and has 
an anti-oxidative activity [64]. HDL functionality is dependent on HDL size and composition 
[66, 67]. Accordingly, it has been shown that six months and one year after surgery RYGB not 
only increases HDL levels, but also induces a shift in HDL remodelling towards more mature 
HDL particles [68, 69] with a higher anti-oxidative potential [69] and a higher content of the 
major anti-atherogenic apolipoprotein A-I [69, 70]. To date, however, the early and late 
changes in HDL functionality after RYGB surgery have not been extensively studied. 
Another functional marker of cardiovascular risk is endothelial dysfunction, which plays an 
important role in the development of cardiovascular diseases such as atherosclerosis and 
hypertension [71, 72]. Endothelial function is impaired in obesity [73]. In patients it can be 
measured as flow-mediated dilation (FMD) of the brachial artery using ultrasound [74-76]. 
So far several studies have shown that bariatric surgery improves FMD [74], already at three 
months after surgery [75]. Another study has suggested that the improvement in FMD is 
associated with insulin levels and weight loss [76], but so far the exact mechanisms leading 





3.3.3.3 Bariatric surgery and mortality 
Overall, several systematic reviews and meta-analysis studies have shown that bariatric 
surgery leads to a complete or partial remission of type 2 diabetes in 73%-76.8% of obese 
patients, of dyslipidemia in 65%-71% of patients, and of hypertension in 61.7%-68% of 
patients after a mean follow-up of three to five years [77-79]. This is associated with a 30%-
50% reduction of all-cause mortality [80-82] and a 53% reduction of total cardiovascular 
mortality [83]. Cause-specific mortality is decreased by 56% for CAD and by 92% for type 2 
diabetes [81], and the incidence of myocardial infarction and stroke are also decreased by 
54% and 51% respectively [82]. However, to date it has not been determined whether the 
reduced overall and cardiovascular mortality after bariatric surgery are a direct consequence 
of weight loss, or there are also weight loss-independent mechanisms involved [80, 81, 83]. 
To summarize, bariatric surgery, and in particular RYGB, is the only anti-obesity treatment to 
induce and maintain a >15% weight loss over ten years, to effectively resolve existing 
comorbidities such as type 2 diabetes, dyslipidemia and hypertension, and to reduce overall 
and cardiovascular mortality [83]. Currently, however, it is not known whether the reduced 
mortality risk after bariatric surgery is entirely mediated by weight loss [80, 81, 83]. 
 
3.4 Putative weight loss-independent mechanisms of RYGB 
3.4.1 Role of GLP-1 in insulin resistance and RYGB 
Remarkably, RYGB ameliorates or even resolves type 2 diabetes within days after surgery, 
before significant weight loss occurs [84], suggesting a weight loss-independent mechanism 
for improved insulin sensitivity and glucose metabolism. Indeed, hepatic insulin sensitivity, 
β- ell glu ose se sitivity, a d β-cell insulin secretion in response to nutrients significantly 
improve within one week after RYGB [85-87], and these improvements are maintained for at 
least two years after surgery [86, 88]. This effect is weight loss-independent because it is not 
observed in patients who lose equivalent weight with diet or AGB one week and one month 
after surgery [89, 90]. 
Interestingly, RYGB induces increased postprandial secretion of the gastrointestinal hormone 
GLP-1 one week and one month after surgery [86, 91, 92], and this effect is maintained for at 
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least two years after surgery [86, 88, 92]. GLP-1 is a peptide hormone secreted by 
enteroendocrine L cells in response to nutrients [93]. Its main functions are to act as an 
i reti , i.e. to sti ulate pa reati  β-cell insulin synthesis and secretion, and to induce 
satiation and reduce food intake in the central nervous system through vagal stimulation 
[94]. Indeed, increased postprandial secretion of GLP-1 from one week to one year after 
RYGB is paralleled y i proved β- ell glu ose se sitivity a d β-cell insulin secretion [86, 91, 
92]. These improvements in glucose homeostasis are mainly due to an increased incretin 
effect as they are observed only after an oral glucose tolerance test and not after an 
equivalent intravenous glucose tolerance test in the same subjects [86, 91, 92]. Similarly, 
only oral feeding, but not gastric feeding through the bypassed stomach, increases 
postprandial GLP-1 and insulin secretion in the same subjects [95, 96]. Blocking GLP-1 
signalling with the GLP-1 receptor antagonist exendin-9 significantly blunts the increased 
postpra dial β-cell glucose sensitivity and insulin secretion after RYGB [97, 98], 
demonstrating that the GLP-  i reti  effe t ediates the postpra dial i rease i  β-cell 
glucose sensitivity and insulin secretion after RYGB. These increases in postprandial GLP-1 
secretion and incretin effect after RYGB are weight loss-independent because they are not 
observed in patients who lose equivalent weight with diet or AGB from one week to one 
year after surgery [89-91, 99-101].  
These conclusions from clinical studies are supported by in vivo animal experiments, which 
also show that three weeks and three months after surgery RYGB improves glucose 
tolerance and insulin sensitivity and increases plasma GLP-1 levels [102, 103]. In addition, a 
mixed-meal tolerance test, but not an intraperitoneal glucose tolerance test, increases 
postprandial GLP-1 and insulin excursions specifically in RYGB- and VSG-operated rats, but 
not in sham-operated pair-fed controls, and the GLP-1 receptor antagonist exendin-9 is able 
to blunt this effect on insulin [104]. In another study, chronic peripheral infusion of exendin-
9 partially reverses the improved glucose tolerance after RYGB, indicating both GLP-1-
dependent and weight-dependent effects of RYGB on glucose tolerance; in contrast, chronic 
exendin-9 does not affect food intake and weight loss [105]. Accordingly, GLP-1 receptor 
knockout mice lose the same amount of weight after RYGB or VSG surgery when compared 
to wild type mice [106-108]. Surprisingly, one study showed that VSG improves glucose 
tolerance to the same degree in wild type and in GLP-1 receptor knockout mice, but it lacked 
a body weight-matched control group to account for weight-dependent and weight–
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independent changes in glucose tolerance [106]. Another study also showed that RYGB 
improves glucose tolerance and insulin sensitivity in GLP-1 receptor knockout mice to the 
same degree as in body weight-matched controls, but it lacked true wild type control groups 
to differentiate between GLP-1-dependent and weight-dependent effects [107]. Therefore, 
to date it is not known to what extent increased GLP-1 mediates the effects of RYGB on 
improved glucose tolerance and insulin sensitivity. 
To summarize, RYGB surgery improves insulin resistance a d β-cell glucose sensitivity and 
insulin secretion within days after surgery in a weight loss-independent manner. This effect 
could be mediated by increased incretin actions of GLP-1, whose postprandial secretion is 
increased after RYGB rapidly and independently of weight loss.   
3.4.2 Role of JNK in insulin resistance and RYGB 
Another crucial player linking obesity and insulin resistance is the c-jun N-terminal kinase 
(JNK) family of proteins [109]. There are three members in this family, JNK1 and JNK2, which 
are ubiquitously expressed, and JNK3, which is expressed mainly in the brain, heart, and 
testes [109]. JNK activation suppresses the insulin signaling pathway through 
phosphorylation of insulin receptor substrate-1 (IRS-1) at ser307, which inhibits IRS-1 
activation and downstream cellular insulin signaling [110]. The first evidence that JNK could 
be involved in mediating obesity and obesity-induced insulin resistance was obtained in 
studies showing that total JNK activity is increased in liver, fat, and muscle in genetic (leptin-
deficient ob/ob mice) and in diet-induced obesity [111]. Genetic deletion of JNK1 (JNK1-/-) in 
diet-induced obese mice results in less weight gain, lower levels of body adiposity, blood 
glucose and insulin, and in improved glucose tolerance and insulin sensitivity; these changes 
are associated with decreased total JNK activity in liver, muscle, and adipose tissue, and with 
reduced IRS-1 ser307 phosphorylation in the liver [111]. The protection against obesity and 
insulin resistance is not observed with JNK2-/- animals [111, 112], but it is present in JNK1+/-
JNK2-/- animals, which also have decreased total JNK activity in the liver [112]. These results 
suggest that JNK2 also plays a role in obesity and that the balance of JNK1 and JNK2 and the 
resulting total JNK activation are critical for mediating these effects of JNK [112]. 
Interestingly, decreased activation of JNK and decreased IRS-1 ser307 phosphorylation in the 
liver has been demonstrated in type 2 diabetic rats two weeks after RYGB, and this is 
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associated with reduced hepatic lipotoxicity and oxidative stress, improved insulin 
sensitivity, and lower blood glucose and insulin [113]. Another type of metabolic surgery, the 
duodenal-jejunal bypass, shows improved glucose tolerance, insulin sensitivity, blood 
glucose levels and reduced liver and adipose tissue inflammation twelve weeks after surgery 
in type 2 diabetic rats [114]. These beneficial effects are again associated with decreased 
activation of JNK and decreased IRS-1 ser307 phosphorylation in the liver and adipose tissue 
[114].  
Remarkably, JNK has also been shown to affect cardiovascular function and mediate 
cardiovascular disease. JNK2-/-ApoE-/- mice are protected from atherosclerosis [115], and 
JNK2-/- mice are protected from hypercholesterolemia-induced endothelial dysfunction and 
oxidative stress [116]. JNK2 has also been shown to directly regulate endothelial nitric oxide 
synthase (eNOS) by inhibitory phosphorylation [117]. In addition, vascular insulin resistance 
in spontaneously hypertensive rats is associated with increased JNK activation and increased 
IRS-1 ser307 phosphorylation in aortic tissue [118]. Finally, a recent study demonstrated that 
JNK mediates eNOS-dependent endothelial dysfunction in type 2 diabetic patients [119]. 
Thus, in addition to its role in obesity and hepatic insulin resistance, JNK has also been 
shown to negatively regulate both eNOS and insulin sensitivity in the vasculature.  
To summarize, the JNK family of proteins mediates obesity-induced insulin resistance and 
hypercholesterolemia- and diabetes-induced vascular dysfunction, and might be involved in 











4. Hypothesis, aims, and experimental design 
4.1 Hypothesis 
Based on previous clinical findings which show that bariatric surgery, and in particular RYGB, 
reduce cardiovascular risk factors, disease, and mortality, and that some of these effects 
might be weight loss-independent, we hypothesized that RYGB surgery also improves 
endothelial function and HDL endothelial protective properties rapidly and independently of 
weight loss. We further hypothesized that these improvements might be mediated by GLP-1- 



















4.2 Aims and experimental design 
Aim 1: To investigate whether RYGB surgery induces rapid and weight-independent 
improvement of endothelial function and HDL endothelial protective properties in a rat 
model of diet-induced obesity and in obese patients. 
To study the rapid effects of RYGB on endothelial function, male Wistar rats were fed a high 
fat (60%) high cholesterol (1.25%) diet for 7 weeks to induce obesity prior to performing 
RYGB or sham surgery; animals were sacrificed 8 days after surgery and endothelial function 
was assessed by ex vivo isometric tension recordings of thoracic aorta. Weight-independent 
effects were studied by the use of a sham-operated control group which was body weight-
matched to the RYGB-operated rats (Fig.2). HDL endothelial protective properties in obese 
rats and humans were assessed by functional in vitro assays with primary human aortic 
endothelial cells following HDL isolation from post-operative serum. 
 
 
Fig. 2. Experimental design of Aim 1 – rapid and weight-independent effects of RYGB. After 7 weeks of high 
fat high cholesterol diet, male Wistar rats underwent RYGB or sham surgery, and were sacrificed 8 days later 
for ex vivo endothelial function experiments. RYGB-operated rats were compared to sham-operated ad libitum-
fed control rats, and to sham-operated body weight-matched control rats to assess weight-dependent and 





Aim 2: To investigate the role of GLP-1 in the molecular mechanisms underlying the rapid 
and weight-independent effects of RYGB on endothelial function and HDL properties in a 
rat model of diet-induced obesity. 
To study the role of GLP-1 in mediating the beneficial effects of RYGB on endothelial function 
and HDL properties, we treated sham-operated ad libitum-fed rats with the GLP-1 analogue 
liraglutide, and RYGB-operated rats with the GLP-1 receptor antagonist exendin-9 in vivo for 
8 days after surgery, and compared them with sham-operated ad libitum-fed control rats 
and RYGB-operated rats as described (Fig.3). 
 
 
Fig. 3. Experimental design of Aim 2 – role of GLP-1 in mediating the rapid and weight-independent effects of 
RYGB. After 7 weeks of high fat high cholesterol diet, male Wistar rats underwent RYGB or sham surgery, and 
were sacrificed 8 days later for ex vivo endothelial function experiments. Sham-operated liraglutide-treated 
rats and RYGB-operated exendin-9-treated rats were compared to control sham-operated and RYGB-operated 








Aim 3: To investigate the role of JNK in the molecular mechanisms underlying the rapid 
and weight-independent effects of RYGB on endothelial function in a rat model of diet-
induced obesity. 
To study the role of JNK in mediating the beneficial effects of RYGB on endothelial function, 
we treated sham-operated ad libitum-fed rats with two different JNK inhibitors in vivo for 8 
days after surgery and compared them with sham-operated ad libitum-fed control rats and 
RYGB-operated rats as described (Fig. 4). 
 
 
Fig. 4. Experimental design of Aim 3 - 2 – role of JNK in mediating the rapid and weight-independent effects 
of RYGB. After 7 weeks of high fat high cholesterol diet, male Wistar rats underwent RYGB or sham surgery, 
and were sacrificed 8 days later for ex vivo endothelial function experiments. Sham-operated rats treated with 
the JNK inhibitors SP600125 or D-JNK were compared to RYGB-operated rats and to control sham-operated rats 






5.1 Original research article: Rapid and Body Weight–Independent Improvement of 
Endothelial and High-Density Lipoprotein Function After Roux-en-Y Gastric Bypass: 
Role of Glucagon-Like Peptide-1  
 
This research article was published in Circulation in 2015 and contains part of the studies 
performed for the completion of the present PhD thesis. I share the first authorship of this 
article with Dr. E. Osto. My contributions to the published article include data acquisition, 
data analysis and interpretation, and revising the manuscript. 
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Obesity is a worldwide health problem because of the asso-ciated increased morbidity and cardiovascular mortality.1 
Accompanying metabolic disorders such as insulin resistance 
and type 2 diabetes mellitus and risk factors such as dyslipid-
emia increase the disease risk linked to obesity. In particular, 
obesity induces endothelial dysfunction, which precedes ath-
erosclerosis, but also contributes to insulin resistance in tissues 
Background—Roux-en-Y gastric bypass (RYGB) reduces body weight and cardiovascular mortality in morbidly obese 
patients. Glucagon-like peptide-1 (GLP-1) seems to mediate the metabolic benefits of RYGB partly in a weight loss–
independent manner. The present study investigated in rats and patients whether obesity-induced endothelial and high-
density lipoprotein (HDL) dysfunction is rapidly improved after RYGB via a GLP-1–dependent mechanism.
Methods and Results—Eight days after RYGB in diet-induced obese rats, higher plasma levels of bile acids and GLP-1 were 
associated with improved endothelium-dependent relaxation compared with sham-operated controls fed ad libitum and 
sham-operated rats that were weight matched to those undergoing RYGB. Compared with the sham-operated rats, RYGB 
improved nitric oxide (NO) bioavailability resulting from higher endothelial Akt/NO synthase activation, reduced c-Jun 
amino terminal kinase phosphorylation, and decreased oxidative stress. The protective effects of RYGB were prevented 
by the GLP-1 receptor antagonist exendin9-39 (10 μg·kg
−1·h−1). Furthermore, in patients and rats, RYGB rapidly reversed 
HDL dysfunction and restored the endothelium-protective properties of the lipoprotein, including endothelial NO synthase 
activation, NO production, and anti-inflammatory, antiapoptotic, and antioxidant effects. Finally, RYGB restored HDL-
mediated cholesterol efflux capacity. To demonstrate the role of increased GLP-1 signaling, sham-operated control rats 
were treated for 8 days with the GLP-1 analog liraglutide (0.2 mg/kg twice daily), which restored NO bioavailability and 
improved endothelium-dependent relaxations and HDL endothelium-protective properties, mimicking the effects of RYGB.
Conclusions—RYGB rapidly reverses obesity-induced endothelial dysfunction and restores the endothelium-protective 
properties of HDL via a GLP-1–mediated mechanism. The present translational findings in rats and patients unmask novel, 
weight-independent mechanisms of cardiovascular protection in morbid obesity.   (Circulation. 2015;131:871-881. 
DOI: 10.1161/CIRCULATIONAHA.114.011791.)
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involved in glucose and lipid metabolism.2,3 Reduced nitric 
oxide (NO) bioavailability seems to be the primary defect that 
links obesity, insulin resistance, and endothelial dysfunction.2,3
Furthermore, obesity and insulin resistance result in pro-
atherogenic dyslipidemia,4 characterized by high low-density 
lipoprotein and triglyceride and low high-density lipoprotein 
(HDL) cholesterol plasma levels.1,5 Abnormal HDL remodel-
ing and maturation have been reported in obese subjects with 
an HDL profile similar to that of subjects with established 
cardiovascular disease.5 In addition, pathological situations 
associated with obesity, in particular type 2 diabetes mellitus6 
and coronary artery disease,7 impair the physiological pro-
tective properties of HDL, which preserves endothelial NO 
bioavailability and promotes vascular health.8 Once dysfunc-
tional, HDL may contribute to endothelial dysfunction.8 Thus, 
assessing the properties of HDL is more informative than 
measuring its plasma levels alone.8
Roux-en-Y gastric bypass surgery (RYGB) induces sus-
tained weight loss in contrast to the limited success of phar-
macological or behavioral interventions.9,10 Reductions in 
global and cardiovascular mortality9,11 and obesity-related 
comorbidities1,10,12,13 have been reported after RYGB.1,11 The 
mechanisms underlying these beneficial effects are multiple.1,11 
Amelioration of insulin resistance14 or even resolution of type 
2 diabetes mellitus occurs within days after RYGB, before any 
substantial weight loss. These findings suggest that glycemic 
control is restored by mechanisms15,16 related to the unique ana-
tomic gut rearrangement and the altered flow of nutrients after 
RYGB,10 rather than simply being a consequence of weight 
loss.15,17 After RYGB, the modified enterohepatic circulation 
of bile acids increases their intraluminal and systemic concen-
trations. Thus, elevated levels of these acids and undigested 
chyme may modify the release of gastrointestinal hormones.17 
In particular, plasma levels of the gut hormone glucagon-like 
peptide-1 (GLP-1) increase rapidly after RYGB but not after 
dietary restriction despite a similar weight loss.15,16,18 These 
observations raised the hypothesis that changes in GLP-1 levels 
mediate the rapid and surgery-specific metabolic improvement 
achieved after RYGB.18,19 Drugs targeting the GLP-1 system 
are used in clinical practice as antidiabetic agents with poten-
tial weight-lowering effects.20 Beyond its metabolic actions, 
GLP-1 exhibits multiple beneficial properties, in particular 
antioxidant and endothelium-protective effects.19,21
Therefore, the present study was designed to evaluate 
whether RYGB causes a rapid improvement in endothe-
lial function and restores the protective properties of HDL. 
Moreover, the experiments examined whether increased 
GLP-1 levels mediate the rapid metabolic and cardiovascular 
improvements associated with RYGB and whether results of 
the procedure in obese rats can be translated to obese patients.
Methods
An expanded description of methods is available in the online-only 
Data Supplement.
Animals and Organ Chamber Experiments
Male Wistar rats were fed a high-fat, high-cholesterol diet contain-
ing 60% kcal fat and 1.25% cholesterol for 7 weeks before and after 
surgery to achieve diet-induced obesity. Two main experiments were 
performed (Figure I in the online-only Data Supplement): RYGB22 
and sham-operated rats either fed ad libitum (controls) or weight 
matched to RYGB and followed up for 8 days and rats randomized 
to 2 treatment groups for the 8 days of follow-up (controls treated 
with either vehicle or liraglutide 0.2 mg/kg twice daily and RYGB 
treated with either vehicle or exendin9-39 10 μg·kg
−1·h−1). In addition, 
some rats were followed up for 1 month after surgery. All animal 
experiments were approved by the Zurich Cantonal Veterinary Office. 
Cumulative concentration-relaxation curves in response to insulin 
and GLP-1 were obtained in rings of thoracic aorta as described.23
Endothelium-Protective Properties of HDL
HDL was isolated from rat and patient serum by sequential density 
ultracentrifugation.6,7 HDL-stimulated NO production by cultured 
human aortic endothelial cells (HAECs) was tested in vitro with 
the fluorescent probe 4,5-diaminofluorescein.7 HDL antiapoptotic 
properties were assessed in HAECs.24 Arylesterase activity of HDL-
associated paraoxonase-1 (PON-1) was measured by ultraviolet 
spectrophotometry.7 Endothelial protein expression of vascular cell 
adhesion molecule-1 (VCAM-1) was determined in tumor necrosis 
factor-α–stimulated (100pg/mL) HAECs treated with HDL.7 NADPH 
oxidase activity was measured with a commercial assay kit.
Patient Population
The surgery group consisted of 29 patients undergoing primary lapa-
roscopic proximal RYGB.25 The body mass index (BMI)–matched 
group consisted of 29 obese patients matched for BMI, body weight, 
age, and sex to the RYGB group at week 12 after surgery. Moreover, 
28 normal-weight volunteers matched for age and sex were enrolled. 
The local Research and Ethics Committee approved the study. All 
patients gave written consent
Statistical Analysis
Continuous variables with no or mild skew were presented as 
mean±SEM; skewed measures were presented as median and inter-
quartile ranges. Discrete variables were summarized as frequen-
cies and percentages. The distribution of the data was analyzed 
with a 1-sample Shapiro-Wilk test. Logarithmic transformation 
was performed to achieve normal distribution for skewed variables. 
Categorical variables were compared by use of the χ2 test or Fisher 
exact test as appropriate. Continuous data were compared by use of 
the 2-tailed paired or unpaired t test (for normally distributed data 
sets) or the Mann-Whitney U or Wilcoxon signed-rank test (for 
skewed variables). We used a 2-way ANOVA with repeated measures 
to compare repeated measurements on the same animals. For study-
ing the complete outcome of each variable over time, we applied the 
linear mixed model using an unstructured covariance matrix for quan-
titative variables. All tests were 2 sided, and statistical significance 
was accepted if the null hypothesis could be rejected at P<0.05. 
The authors had full access to and take full responsibility for the 
integrity of the data. All authors have read and agree to the manu-
script as written.
Results
GLP-1 and Bile Acid Plasma Levels Increase 
Rapidly After RYGB
Fasting circulating GLP-1 levels were significantly higher 
in RYGB than in sham-operated rats (Figure 1A and 1B and 
Figure IIA in the online-only Data Supplement). RYGB rats 
receiving exendin9-39 had GLP-1 levels similar to those of 
RYGB rats (Figure 1B). Fasting plasma bile acid levels were 
increased after RYGB in all experiments (Figure 1C and 1D 
and Figure IIB in the online-only Data Supplement) and were 
not affected significantly by either liraglutide or exendin9-39.
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The Rapid Improvement of Vascular Function After 
RYGB Is Independent of Weight Loss
Physiologically, insulin and GLP-1 induce NO-mediated 
endothelium-dependent relaxations,19,26 whereas decreased 
NO bioavailability in obesity impairs endothelial function.2,3,26 
Therefore, the impact of RYGB on relaxations in response 
to increasing concentrations of both hormones was tested. 
Preincubation of the aortic rings with the NO synthase (NOS) 
inhibitor Nω-nitro-l-arginine methyl ester abolished endothe-
lium-dependent relaxations in response to both hormones, 
indicating an NO-dependent mechanism (data not shown). 
The responses to insulin and GLP-1 improved significantly 8 
days after RYGB but not in weight-matched rats (Figure 2A 
and 2B and Figure IIIA and IIIB in the online-only Data 
Supplement). The relaxing effect of GLP-1 was inhibited by 
incubation of the aortic rings with the specific GLP-1 receptor 
antagonist exendin9-39 (10
–5 mol/L; Figure IVA in the online-
only Data Supplement).
Acetylcholine-induced relaxations were also restored 
rapidly after RYGB (Figure IVB in the online-only Data 
Supplement). One month after surgery, responses to both 
insulin and GLP-1 remained impaired in controls and 
weight-matched rats, but the acetylcholine-induced relax-
ation improved similarly in the aortas of weight-matched and 
RYGB rats (Figures IIIE, IIIF, IVD, and IVF in the online-
only Data Supplement).
RYGB Improves Endothelial Function by a GLP-1 
Receptor–Dependent Mechanism
To investigate the role of GLP-1 in the improved relaxation 
after RYGB, the GLP-1 receptor antagonist exendin9-39 or the 
GLP-1 analog liraglutide was administered for 8 days after 
RYGB (RYGB-exendin9-39) or to control (controls-liraglutide) rats, 
respectively. The relaxations improved in response to insu-
lin and GLP-1 in controls-liraglutide compared with controls, 
thus mimicking the effects of RYGB (Figure 2C and 2D). 
Instead, RYGB-exendin9-39 rats had blunted relaxations to insu-
lin and GLP-1 compared with RYGB; that is, they were not 
significantly different from controls (Figure 2C and 2D and 
Figure IIIC and IIID in the online-only Data Supplement). 
Relaxations to acetylcholine in RYGB-exendin9-39 rats were 
similar to those in RYGB rats (Figure IVG in the online-only 
Data Supplement). Relaxations to the endothelium-indepen-
dent vasodilator sodium nitroprusside were similar among all 
experimental groups (Figure IVC and IVH in the online-only 
Data Supplement).
Vascular GLP-1 Signaling Is Increased in RYGB 
Rats Independently of Weight Loss
Consistent with the improved relaxations to GLP-1 seen after 
RYGB, aortic GLP-1 receptor expression was increased in 
RYGB compared with sham-operated rats 8 days after sur-
gery (Figure 3A).
Insulin and GLP-1 signaling in endothelial cells results 
in phosphorylation of protein kinase Akt at serine 473 
(pSer473-Akt), followed by phosphorylation of endothelial 
NOS (eNOS) on Ser1177 (pSer1177eNOS), a well-known 
eNOS-activating pathway.24,27 The phosphorylation level of 
pSer473-Akt was significantly higher after RYGB compared 
with control rats (Figures 3B and 4A) and in controls-liraglutide 
compared with their controls, whereas it was reduced in 
RYGB-exendin9-39 (Figure 4A).
Obesity increases c-Jun amino terminal kinase (JNK) 
activity, which in turn impairs insulin and GLP-1 signal-
ing.28,29 JNK phosphorylation was significantly reduced after 
RYGB compared with sham-operated groups (Figure 3C). 
Exendin9-39 prevented the reduction in JNK phosphorylation 
after RYGB. Control-liraglutide rats had slightly decreased JNK 
activation compared with controls, but the degree of inhibition 
was lower than after RYGB (Figure 4B).
NO bioavailability was preserved after RYGB compared 
with the sham-operated groups as reflected by an increased 
pSer1177eNOS and decreased inhibitory Thr495 phosphorylation 
of eNOS,30 a higher eNOS dimer-to-monomer ratio, and an 
augmented aortic NO production (Figure 3D–3G). Moreover, 
in RYGB, we observed a lower eNOS glutathionylation, which 
impairs the enzyme function,31 compared with weight-matched 
rats (Figure VA in the online-only Data Supplement). Despite 
an only slightly higher pSer1177eNOS, pThr495 was reduced, and 
dimerization of eNOS and NO production were increased in 
control-liraglutide aortas to levels comparable to those in RYGB; 
in contrast, eNOS activation and NO production were reduced 
in RYGB-exendin9-39. However, eNOS glutathionylation was not 
affected by GLP-1 modulation (Figure 4C–4F and Figure VB 
in the online-only Data Supplement).
Decreased Oxidative Stress Contributes to the 
Preserved NO Bioavailability After RYGB
High oxidative stress in obesity leads to NO inactivation by 
superoxide anions (O2
−) and may impair endothelial NO 
availability. Concurrent with this notion, the addition of the 
free radical scavenger polyethylene glycol–superoxide dis-
mutase significantly improved relaxations in response to insu-


















































































Figure 1. Plasma levels of glucagon-like peptide-1 (GLP-1; A) 
and total bile acids (C) in Roux-en-Y gastric bypass (RYGB) 
compared with sham-operated rats after surgery and after 
GLP-1 modulation for 8 days (B and D). The elevated GLP-1 
concentrations measured in sham controls-liraglutide probably 
reflected a cross-reactivity of the assay with liraglutide. Results are 
shown as mean±SEM; n=10 to 15 per group. *P<0.0001, RYGB vs 
sham-operated rats, §RYGB and RYGB-exendin9-39 vs controls and 
controls-liraglutide; °controls vs controls-liraglutide, P<0.002.
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controls-liraglutide, polyethylene glycol–superoxide dismutase 
did not modify relaxations, suggesting that the level of oxida-
tive stress was reduced by the surgery and liraglutide. Instead, 
polyethylene glycol–superoxide dismutase was beneficial in 
RYGB-exendin9-39, confirming the important vascular antioxidant 
effect of GLP-1 and analogs (Figure IVI–IVN in the online-
only Data Supplement). In addition, O2
− concentration and 
NADPH oxidase activity, which is a major oxidant enzyme 
system producing O2
− in the vasculature,6 were decreased in 
aortas of rats after RYGB compared with controls and weight-
matched rats (Figure 5A–5C). In controls, treatment with lira-
glutide reduced aortic O2
− concentration (Figure 5A and 5B) 
and, although to a lesser extent, aortic NADPH oxidase activity, 
mimicking RYGB; instead, exendin9-39 treatment after RYGB 
did not counteract these antioxidant effects (Figure 5C).
Endothelium-Protective Properties of HDL Improve 
Rapidly After RYGB
Endothelium-protective properties of HDL and the role of 
the increased circulating GLP-1 levels as mediators of the 
observed changes were assessed. In parallel to the rat stud-
ies, similar experiments were performed with HDL obtained 
from patients before and 14 days and 12 weeks after RYGB 
and from the BMI-matched group. See Tables I and II in the 
online-only Data Supplement for patient characteristics.
HDL-Stimulated Endothelial NO Production 
Increases Rapidly After RYGB
HDL isolated from RYGB rats induced higher endothelial NO 
production in HAECs than HDL from controls (Figure 6A). 
Furthermore, HDL from control-liraglutide rats stimulated endo-
thelial NO production in a fashion similar to HDL isolated 
after RYGB. This effect was independent of GLP-1 receptor 
activation because it was preserved in RYGB rats treated with 
exendin9-39 (Figure 6D).
The capacity of HDL isolated from patients to stimulate NO 
production increased already at day 14 and was normalized 
12 weeks after RYGB compared with the preoperative period 
(Figure 7A). The NO production stimulated by HDL isolated 
from the BMI-matched group was reduced compared with 
patients 12 weeks after RYGB. Accordingly, HAECs stimu-
lated with HDL isolated from patients at day 14 and week 12 
after RYGB exhibited improved eNOS dimerization relative 
to their preoperative HDL; eNOS dimerization was impaired 
in the BMI-matched group compared with patients 12 weeks 
after RYGB (P<0.055; Figure 7B).
HDL Reduces Endothelial Cell Apoptosis Rapidly 
After RYGB
Compared with controls, HDL isolated after RYGB markedly 
reduced endothelial apoptosis induced by serum and growth 
factors deprivation (Figure 6B). HDL from controls-liraglutide 
reduced endothelial apoptosis to a degree similar to the reduc-
tion after RYGB, but again, treatment with exendin9-39 after 
RYGB did not influence this property of HDL (Figure 6E).
In patients, the capacity of HDL to inhibit endothelial apop-
tosis, which was impaired preoperatively, was restored after 
surgery and resembled that of healthy subjects. The antiapop-
totic capacity of HDL was similar between patients 12 weeks 
after RYGB and their BMI-matched group (Figure 7C).
Anti-Inflammatory Properties of HDL Improve 
After RYGB
HDL isolated after RYGB reduced tumor necrosis factor-α–
stimulated endothelial VCAM-1 expression significantly more 
than HDL from controls (Figure 6C). HDL from control-liraglutide 
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Figure 2. A and B, Relaxation of aortic rings isolated 8 days after Roux-en-Y gastric bypass (RYGB) compared with sham-operated 
rats. Concentration-response curves during submaximal contraction to norepinephrine (NE) in response to insulin (A) and glucagon-like 
peptide-1 (GLP-1; B). *Sham-operated rats vs RYGB, §controls vs weight-matched, °RYGB vs weight matched, P<0.05. C and D, Effect of 
GLP-1 modulation for 8 days on the relaxations to insulin (C) or GLP-1 (D). #RYGB vs controls, ~RYGB vs RYGB-exendin9-39, °controls-liraglutide 
vs controls, *controls-liraglutide and RYGB vs other study groups, P<0.05; n=6 to 8 per group.
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rats was similarly effective as HDL isolated after RYGB, whereas 
treatment of RYGB rats with exendin9-39 had no effect. Hence, the 
increase in anti-inflammatory properties of HDL after RYGB is 
mimicked by the GLP-1 analog but does not involve the activation 
of the known GLP-1 receptor (Figure 6F). Endothelial VCAM-1 
expression was reduced by HDL from patients 12 weeks after 
RYGB but not by HDL from BMI-matched subjects (Figure 7D).
PON-1 Activity Increases Rapidly After RYGB
PON-1 activity was increased after RYGB compared with 
controls. The improvement in PON-1 activity was surgery 
specific but independent of GLP-1 levels or signaling because 
treatment with liraglutide or exendin9-39 did not modify it 
compared with the respective control groups (Figure VIA and 
VIC in the online-only Data Supplement). In patients, PON-1 
activity improved progressively after RYGB; it was impaired 
in the BMI-matched group (Figure 7E).
RYGB Improves the Capacity of HDL to Stimulate 
Macrophage Cholesterol Efflux
HDL after RYGB increased cholesterol efflux from J774 
macrophages compared with HDL from sham-operated rats. 
Instead, HDL from controls-liraglutide or RYGB-exendin9-39 did not 
change this parameter compared with HDL from the respective 
controls, suggesting that the RYGB-induced effect is indepen-
dent of changes in GLP-1 levels or signaling (Figure VIB and 
VID in the online-only Data Supplement). In patients 12 weeks 
after RYGB, HDL improved the cholesterol efflux capacity, in 
contrast to HDL from the BMI-matched group (Figure 7F).
RYGB Rapidly Restores the Endothelial 
Antioxidant Effects of HDL
In HAECs, stimulation with HDL isolated after RYGB or con-
trols-liraglutide reduced NADPH oxidase activity compared with 
HDL from sham-operated animals; exendin9-39 treatment after 
RYGB did not alter HDL antioxidant effects (Figure 5D). 
Endothelial NADPH oxidase activity was reduced by HDL 
from patients 12 weeks after RYGB but not by HDL from the 
BMI-matched group (Figure 5E).
Discussion
RYGB induces stable weight loss, improves obesity-associated 
comorbidities, and reduces cardiovascular mortality.1,11 Here, 




Figure 3. Glucagon-like peptide-1 receptor (GLP-1R; A), phosphorylated (p) Ser473-Akt (B), and phosphorylated (p) c-Jun amino terminal 
kinase (JNK; C) protein expression from aortas isolated 8 days after Roux-en-Y gastric bypass (RYGB) compared with sham-operated 
rats. Endothelial nitric oxide (NO) synthase (eNOS) protein Ser1177 (D) and Thr495 (E) phosphorylation and eNOS dimerization  
(F). Representative Western blots and densitometric quantification are shown. G, Electron spin resonance spectroscopy analysis of aortic 
NO production. *RYGB vs other groups, §weight matched vs control, P<0.05; n=6 to 8 per group.
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effects of RYGB likely result from changes in intestinal physi-
ology rather than from weight loss alone. In particular, the gut 
hormone GLP-1, which increases rapidly after RYGB and 
restores glycemic homeostasis, may also contribute to the car-
diovascular protection after surgery.19,32 Indeed, we found in the 
present study that (1) in a rat model of RYGB, higher plasma 
levels of GLP-1 and bile acids were associated with increased 
aortic NO bioavailability, improved endothelium-dependent 
relaxation, and normalized endothelium-protective properties 
of HDL; (2) GLP-1–dependent signaling was selectively acti-
vated in rat aortas after RYGB and was independent of weight 
loss; (3) treatment of control rats with the GLP-1 analog lira-
glutide for 8 days improved both endothelial and HDL func-
tion, thus mimicking the effects of RYGB; and (4) in morbidly 
obese patients, increased plasma levels of GLP-1 and bile 
acids after RYGB were associated with a rapid improvement 
in the endothelium-protective properties of HDL. The major 
results and proposed underlying mechanisms are summarized 
in Figure 8 and Table III in the online-only Data Supplement.
Improved Endothelium-Dependent Relaxations 
After RYGB Involve a GLP-1–Dependent 
Mechanism
Beyond widespread metabolic actions, GLP-1 and its ana-
logs affect the cardiovascular system,33 in particular endo-
thelial cells,19,32 but also lipid metabolism.32,34,35 GLP-1 exerts 
potent antioxidant effects36 and possesses antiapoptotic and 
anti-inflammatory properties in endothelial cells.24,37 The 
endothelial effects of GLP-1 are mediated by NO38 and can be 
either dependent or independent of the activation of the known 
GLP-1 receptor.33 Physiologically, GLP-1 promotes endothe-
lial health indirectly by triggering insulin production38 and by 
activating its own endothelial signaling pathways.32,34,35
The present findings demonstrate that increased plasma lev-
els of GLP-1 after RYGB activate GLP-1 receptor–dependent 
intracellular signaling and induce a rapid restoration of endo-
thelium-dependent relaxations. These beneficial effects were 
independent of weight because they were absent in rats that 
had a weight loss matched to RYGB. One month after surgery, 
relaxations to insulin and GLP-1 remained impaired in weight-
matched compared with RYGB rats. This points out that weight 
loss achieved by food restriction is not sufficient to induce all 
the beneficial effects of RYGB. Moreover, the persistent impair-
ment of insulin- and GLP-1–mediated endothelium-dependent 
relaxations suggests that the 2 hormones, which are partial ago-
nists for the activation of endothelial NO release,3 are a more 
sensitive tool compared with acetylcholine to investigate how 
metabolic modifications influence endothelial function.3,26
The endothelial Akt/eNOS pathway mediates GLP-1 recep-
tor–dependent vascular effects and represents the major sig-
naling cascade activated by insulin. This pathway was rapidly 
upregulated in aortas after RYGB and after liraglutide treat-
ment in controls but was blunted by administration of the 
antagonist exendin9-39 after RYGB.
A B C
D FE
Figure 4. A, Phosphorylated (p) Ser473-Akt and (B) phosphorylated (p) c-Jun amino terminal kinase (JNK) protein expression from aortas 
isolated 8 days after glucagon-like peptide-1 (GLP-1) modulation. Endothelial nitric oxide (NO) synthase (eNOS) protein Ser1177 (C) and 
Thr495 (D) phosphorylation and eNOS dimerization (E). F, Electron spin resonance spectroscopy analysis of aortic NO production. *Roux-
en-Y gastric bypass (RYGB) vs other groups, #controls-liraglutide vs controls, §controls-liraglutide vs RYGB-exendin9-39, P<0.05; n=6 to 8 per group. 
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Furthermore, the phosphorylation of JNK was reduced 
after RYGB and less potently so in controls-liraglutide, but it 
was increased in RYGB-exendin9-39. JNK is a crucial mediator 
of insulin resistance in obesity29 and of endothelial dysfunc-
tion and oxidative stress.23 Moreover, the inhibition of JNK 
signaling after the administration of GLP-1 analogs protects 
endothelial cells against lipotoxicity-induced apoptosis and 
“eNOS uncoupling.”24
Indeed, obesity-induced oxidative stress impairs NO bio-
availability.3 This was confirmed by the significant improve-
ment in relaxations with the free radical scavenger polyethylene 
glycol–superoxide dismutase in sham-operated rats but not in 
RYGB or controls-liraglutide. Accordingly, NADPH oxidase activ-
ity and O2
− concentration decreased rapidly after RYGB and in 
controls-liraglutide. As a consequence of reduced aortic oxidative 
stress, eNOS uncoupling,3,24 which causes dysfunction of the 
enzyme, was prevented in RYGB, as shown by higher dimer-
ization and lower glutathionylation of eNOS. This explains 
the improved NO-dependent relaxations in RYGB compared 
with weight-matched or exendin9-39–treated RYGB rats. As in 
RYGB, restored eNOS activity was paralleled by increased NO 
production after treatment with liraglutide. Hence, elevated 
GLP-1 levels and activation of GLP-1 receptor signaling play 
a key role in the improved endothelium-dependent vasodilata-
tion after RYGB independently of weight loss.
Rapid Improvement of Endothelium-Protective 
Properties of HDL After RYGB Involves a GLP-
1–Dependent Mechanism
Favorable lipid effects, that is, higher HDL cholesterol com-
bined with lower low-density lipoprotein cholesterol and 
triglyceride levels, have been reported during long-term 
follow-up of patients after RYGB.4,11 The hormonal changes 
after RYGB are likely to influence lipid metabolism in addi-
tion to the weight loss per se, as suggested by the persistence 
of a beneficial lipid profile even in the fate of weight regain 
after surgery.39
The present experiments demonstrate a specific effect of 
RYGB on HDL-mediated endothelial protection. HDL isolated 
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Figure 5. Fluorescence detection of superoxide anions in rat aortas labeled with red dihydroethidium staining (A) and relative 
quantification (B). NADPH oxidase activity was measured in rat aortas (C) and in human aortic endothelial cells (HAECs) after stimulation 
with high-density lipoprotein (HDL; D) isolated from rats after Roux-en-Y gastric bypass (RYGB) and after glucagon-like peptide-1 (GLP-1) 
modulation. *RYGB vs controls, §RYGB-exendin9-39 vs sham-operated rats, P≤0.05; #controls-liraglutide vs sham-operated rats, P<0.05.  
E, NADPH oxidase activity in HAECs stimulated with HDL isolated preoperatively (D0), at day 14 (D14), and at 12 weeks (W12) after RYGB 
and in body mass index (BMI)–matched patients. *D0 vs W12, çW12 vs BMI matched, P<0.05; n=13 RYGB patients, 10 healthy subjects, 
and 9 body mass index (BMI)–matched patients.
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endothelial apoptosis and the expression of the adhesion mol-
ecule VCAM-1. Furthermore, the antioxidant activity of HDL 
and the capacity of the lipoprotein to stimulate cholesterol efflux 
from macrophages were also potentiated. All these protective 
effects did not improve in weight-matched rats, suggesting a 
weight-independent effect of RYGB. The most likely explana-
tion for these weight-independent effects is the activation of the 
endothelial Akt/eNOS pathway after RYGB, which is the main 
pathway involved in HDL-mediated NO release,7 and its anti-
apoptotic,40 antioxidant,7 and anti-inflammatory properties.6,8
Likewise, HDL isolated from controls-liraglutide improved NO 
release and decreased endothelial apoptosis, oxidative stress, 
and VCAM-1 expression in a manner similar to HDL obtained 
from animals undergoing RYGB, suggesting a novel effect 
mediated by GLP-1. Hence, increased plasma levels of GLP-1 
after RYGB exert protective endothelial effects via improved 
HDL cholesterol properties, direct activation of endothelial 
signaling pathways, and insulin-dependent vascular effects.
Despite the effect of RYGB on the properties of HDL, no 
difference was observed in total cholesterol concentrations in 
rats after RYGB. However, the cholesterol distribution pro-
file was changed toward smaller HDL cholesterol particles 
compared with sham-operated groups in which cholesterol 
eluted in larger particles (Figure VII in the online-only Data 
Supplement), as described in animals fed a high-cholesterol 
diet.41 These changes in cholesterol distribution profile may be 
linked directly to the improved properties of HDL after RYGB.
GLP-1 analogs favorably modulate lipid metabolism in 
enterocytes and hepatocytes.42 Here, liraglutide treatment 
resulted in smaller HDL cholesterol particles, shifting the 
cholesterol distribution profile toward that seen after RYGB. 
Again, this effect does not seem to be mediated by the known 
GLP-1 receptor, as shown by the lack of effect of exendin9-39.
Translational Relevance of the Rapid Improvement 
of Endothelial Protective Properties of HDL After 
RYGB
RYGB rapidly improved the endothelial protective properties of 
HDL in severely obese patients and thus conferred a translational 
relevance to the experimental animal data. Indeed, HDL isolated 
14 days after RYGB improved endothelial NO release as a con-
sequence of restored eNOS dimerization. Preserved NO bioavail-
ability was paralleled by reduced endothelial NADPH oxidase 
activity, apoptosis, and VCAM-1 expression but also a higher 
PON-1 activity and HDL-stimulated cholesterol efflux capacity. 
In a previous study, HDL isolated from obese adolescents 1 year 
after RYGB did not improve pSer1177eNOS.43 This result may be 
related to the fact that eNOS activation was assessed by pSer1177e-
NOS alone, whereas NO release measurement combined with 
eNOS dimerization, as performed here, may be more informative 
for assessing disturbances of NO bioavailability.3 Results obtained 
in the present study appear to be applicable to both sexes, whereas 
previous reports involved mainly women.5,44 Furthermore, the 
properties of HDL improved 12 weeks after RYGB to the level of 
healthy subjects, although the patients were still obese. Moreover, 
HDL properties were impaired in BMI-matched patients.
These observations suggest that the degree of weight and 
BMI loss induced by surgery is not sufficient or critical per se 
to improve the protective properties of HDL.5,44 Diet-induced 
weight loss is not associated with increased circulating GLP-1 
and does not improve HDL properties.43,45 In future studies, it 
will be relevant to evaluate the impact on endothelial protec-
tive HDL properties of the other 2 most commonly performed 
bariatric surgery procedures: vertical sleeve gastrectomy and 
gastric banding.1 Sleeve gastrectomy produces enhanced 
GLP-1 secretion and improvements in type 2 diabetes mel-





Figure 6. Endothelial nitric oxide (NO) production after human aortic endothelial cell stimulation with high-density lipoprotein (HDL) 
isolated after Roux-en-Y gastric bypass (RYGB; A) and after glucagon-like peptide-1 (GLP-1) modulation (D). Endothelial antiapoptotic 
effect (B) and endothelial anti-inflammatory effect (C) of HDL after RYGB and after GLP-1 modulation (E and F, respectively). *RYGB vs 
other groups, §control vs weight-matched group, #controls vs controls-liraglutide, controls vs RYGB-exendin9-39, P<0.05; n=8 to 10 per group. 
SW indicates serum withdrawal; and VCAM-1, vascular cell adhesion molecule-1.
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other hand, adjustable gastric banding, which is a restrictive 
procedure, is associated with comparably smaller increases in 
circulating GLP-1 or in other gut hormones.31
Finally, RYGB normalized the fasting plasma levels of bile 
acids in patients, expanding a previous observation about the 
restoration of the postprandial rise in bile acids after RYGB.46 
Circulating bile acids, which were also elevated in the rats after 
RYGB, interact with the endothelium and induce NO produc-
tion via Akt/eNOS activation47; they reduce endothelial VCAM 





Figure 7. Endothelial nitric oxide (NO) production after human aortic endothelial cell (HAEC) stimulation with high-density lipoprotein 
(HDL) isolated preoperatively (D0), at day 14 (D14), and at 12 weeks (W12) after Roux-en-Y gastric bypass (RYGB) in body mass index 
(BMI)–matched patients and in healthy subjects (n=29 RYGB patients, 28 healthy subjects, 29 BMI matched; A); HDL-mediated endothelial 
NO synthase (eNOS) activation measured by eNOS dimerization (n=10 RYGB, 5 healthy, 6 BMI matched; B); endothelial antiapoptotic effect 
(n=29 RYGB, 28 healthy, 28 BMI matched; C); and anti-inflammatory effect of HDL on tumor necrosis factor-α–stimulated HAECs (n=29 
RYGB, 27 healthy, 29 BMI matched; D). HDL-associated paraoxonase-1 (PON-1) activity (n=29 RYGB, 28 healthy, 28 BMI matched; E) and 
HDL-stimulated macrophage cholesterol efflux (n=28 RYGB, 28 healthy, 29 BMI matched; F). SW indicates serum withdrawal; and VCAM-1, 
vascular cell adhesion molecule-1. °D0 vs healthy, §D0 vs D14, *D0 vs W12, ΦD14 vs W12, #W12 vs healthy, ¢ W12 vs BMI matched, P<0.05. 
Figure 8. Proposed cellular mechanisms involved 
in the beneficial effects of Roux-en-Y gastric bypass 
(RYGB) on endothelial function and high-density 
lipoprotein (HDL) vasoprotective properties. The 
bioavailability of nitric oxide (NO) is decreased in 
obesity. Rapidly after RYGB, elevated glucagon-
like peptide-1 (GLP-1) levels through the activation 
of the GLP-1 receptor (GLP-1R) activate the 
phosphorylated (P) Ser473-Akt cascade, enhancing 
peNOSer1177and endothelial NO synthase (eNOS) 
dimerization while reducing p-eNOSThr495, c-Jun 
amino terminal kinase (JNK) phosphorylation, 
NADPH oxidase activity, and anion superoxide (O2−) 
production. This leads to higher NO levels and thus 
improved endothelial function. These effects are 
mimicked by liraglutide treatment in control rats 
and are blocked by exendin9-39 after RYGB. RYGB 
surgery and liraglutide also improved HDL-mediated 
NO production and endothelial antiapoptotic, 
antioxidant, and anti-inflammatory properties. 
These properties are independent of the activation 
of the known GLP-1 receptor and are not blocked 
by exendin9-39. HDL-associated paraoxonase-1 
(PON-1) activity and cholesterol efflux improve after 
RYGB independently of GLP-1 modulation. VCAM-1 
indicates vascular cell adhesion molecule-1.
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cholesterol efflux. Therefore, bile acids may have contributed 
directly to the improved endothelial protective effects observed 
in the present study. However, because liraglutide treatment, in 
the absence of elevated bile acids levels, mimicked the benefi-
cial metabolic effects of RYGB, GLP-1 signaling may be the 
dominating factor under the present experimental conditions.
A major strength of the present study is its translational 
nature. It highlights with the animal experiments that the car-
diovascular effects of RYGB likely derive from more than sim-
ple weight loss and that increased GLP-1 signaling may play 
a critical role for some surgery-specific beneficial effects. The 
rapid improvement in the vascular protective properties of HDL 
also applies to morbidly obese patients undergoing RYGB.
Conclusions
The present study shows that RYGB exerts endothelium-
protective effects beyond surgery-induced weight loss. These 
effects are mediated, at least in part, by GLP-1 and GLP-1 
receptor signaling. These findings may allow the identifica-
tion of less invasive treatment strategies targeting molecular 
cardiovascular and metabolic pathways affected by obesity.
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CLINICAL PERSPECTIVE
Obesity is a public health priority because of the associated increase in morbidity and cardiovascular mortality. Currently, 
the most effective treatment for severe obesity is bariatric surgery, which induces sustained weight loss and is associated 
with a long-term reduction in obesity-associated comorbidity and cardiovascular mortality. The current understanding of the 
mechanisms underlying these beneficial effects suggests that a crucial role is played by the unique metabolic and hormonal 
changes after bariatric surgeries, in particular Roux-en-Y gastric bypass or vertical sleeve gastrectomy, rather than simply 
as the consequence of weight loss. The gut hormone glucagon-like peptide-1 (GLP-1), which increases rapidly after certain 
bariatric surgeries such as Roux en-Y gastric bypass and sleeve gastrectomy, but not after dietary restriction, seems to specif-
ically mediate some metabolic benefits of bariatric surgery. In the present study, which uses a rat model of Roux-en-Y gastric 
bypass, higher plasma levels of GLP-1 were associated with increased aortic nitric oxide bioavailability, improved endothe-
lium-dependent relaxation, and normalized endothelium-protective properties of high-density lipoprotein independently of 
weight loss. Furthermore, in morbidly obese patients, increased plasma levels of GLP-1 after Roux-en-Y gastric bypass were 
associated with a rapid improvement in the endothelium-protective properties of high-density lipoprotein, confirming the 
clinical relevance of the experimental animal findings. Thus, Roux-en-Y gastric bypass exerts rapid endothelium-protective 
effects beyond the surgery-induced weight loss. These effects are mediated, at least in part, by GLP-1 and GLP-1 receptor 
signaling. These findings may allow the identification of novel and less invasive treatment strategies targeting molecular 
cardiovascular and metabolic pathways affected by obesity.
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Supplemental Materials and Methods 
 
Animals and housing 
Adult male Wistar rats obtained from Janvier, France, weighted 250-300g at arrival. We 
performed a pilot experiment in order to define 1) the appropriate diet (high fat high 
cholesterol (HFHC) versus high fat (HF) only) to achieve diet-induced obesity (DIO) and 
impaired endothelial dysfunction; 2) the earliest time point for tissue harvesting and HDL 
isolation after RYGB in order to avoid the acute phase reaction post-surgical trauma and 3) 
the approximate amount of food eaten by the RYGB rats for weight matching of sham-
operated rats in the subsequent tests (see below). Seven weeks of HFHC diet induced 
endothelial dysfunction in contrast to HF diet alone (data not shown). The acute phase 
reaction after RYGB was resolved on post-operative day 8 (D8) as indicated by the time 
courses of Interleukin (IL)-1β, tumor necrosis factor (TNF)-α and IL-6 (data not shown). 
For all subsequent experiments, rats were transferred to a commercial HFHC containing 60% 
kcal fat and 1.25% cholesterol (Research Diets, New Brunswick NJ, USA) for a period of 7 
weeks prior to surgery; the same diet was offered post-surgery. Rats were initially housed 4 
per cage in Makrolon cages (Indulab, Gams, Switzerland). One week before surgery, they 
were single housed in wire mesh cages until the end of the experimental period. Rats were 
housed in a colony room with an average temperature of 23°C and a 12-hour light/dark cycle. 
The groups of animals used for the following two main experiments were: 1.) RYGB or 
sham-surgery fed ad libitum (controls) or weight- matched to RYGB and followed for a D8 
period (SOM Fig.1A); 2.) RYGB or controls followed for a D8 period and simultaneous in 
vivo GLP-1 intervention (SOM Fig.1B). Some parameters were also assessed in RYGB and 
sham-operated rats that were followed up for one month after surgery. The Cantonal Zurich 





Rats were randomly allocated to either RYGB or sham-operations. For the first experiment, 
24 rats with an average body weight of 590g underwent RYGB surgery, and 24 underwent 
sham-surgery, of which 12 with an average body weight of 592g were controls, and 12 with 
average body weight of 593g were weight-matched to RYGB. 
For the second experiment with simultaneous GLP-1 intervention, 22 rats with an average 
body weight of 502g underwent RYGB surgery and 12 rats with an average body weight of 
500g underwent sham-surgery.  
For the third experiment, 24 rats with an average body weight of 526g underwent RYGB 
surgery, and 24 rats underwent sham-surgery, of which 12 with an average body weight of 
531g were controls and 12 with an average body weight of 532g were weight-matched.  
Anesthesia was induced in a chamber filled with 5% isoflurane in room air (1 L/min). After 
an adequate depth of anesthesia was achieved, rats were shaved from sternum to pelvis 
followed by disinfection with Betadine scrub (Mundi Pharma, Basel, Switzerland). Rats were 
then placed in a supine position on a heating pad and positioned in a nose cone to maintain 
anesthesia (2%–3% isoflurane in room air, 0.8 L/min) for the duration of the surgery. All 
surgeries were conducted as previously described1. Briefly, a midline incision of 
approximately 4 cm starting just below the xiphoid process was performed. For the RYGB 
procedure, the proximal small bowel was transected approximately 20 cm distal to the pylorus 
of the stomach, creating a proximal and distal end of small bowel. The proximal end, being 
still continuous with the remaining portion of the stomach, constituted the biliopancreatic 
limb and was anastomosed to the distal small intestine, approximately 25–30 cm from the 
cecum, creating the common channel. For formation of the gastric pouch, the stomach was 
transected approximately 5 mm below the gastro-esophageal junction, creating a pouch of a 
size of less than 5% of original stomach size. The Roux-en-Y reconstruction was completed 
by connecting the distal end of the proximal small bowel to the gastric pouch, leading to 
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formation of the alimentary (Roux) limb. One single RYGB procedure lasted approximately 
100 minutes. For sham operations, an anterior gastrostomy with subsequent closure was 
performed. One single sham procedure lasted approximately 30 minutes. The abdominal wall 
and the skin were closed in layers after both operations. 
No RYGB rats died during surgery. Immediately following surgery, each rat received 5 mL of 
saline subcutaneously to compensate for fluid loss. Rats were then placed under indirect red 
light in a polycarbonate cage until they fully recovered from anesthesia, at which time they 
were returned to their home cages. Baytril 10mg/kg (Bayer, Germany) and Carprofen 5mg/kg 
(Norocarp, Norbrook Laboratories) were administered before surgery and for two days post-
surgery. Post-operatively, rats were fed HFHC diet and body weight and food intake were 
measured daily. Sham rats were randomly divided into controls or weight-matched rats; the 
latter were food-restricted (approximately 9-10 g/day based on the pilot experiment). Hence, 
the weight-matched group had a controlled food intake in order to match their weight to 
RYGB rats, this allowed the distinction between RYGB-specific from weight-dependent 
effects, since the only difference between these two study groups was RYGB surgery. During 
three-days post-operatively the HFHC solid diet was mixed with water to facilitate 
swallowing. 
 
In vivo GLP-1 interventions 
For the second experiment, sham-operated and RYGB rats were randomized to one of the 
following treatment groups, respectively: controls were treated with phosphate-buffered saline 
(PBS) (vehicle, n=6) or with liraglutide (controls-liraglutide; 0.2 mg/kg twice daily), n=6; RYGB 
were treated with vehicle (n=11) or RYGB exendin9-39 (10ug/kg/h), n=11. Liraglutide 
(Victoza; Novo Nordisk, Bagsvaerd, Denmark) or PBS vehicle were administered twice daily 
via subcutaneous (s.c.) injections for the eight-days follow-up period starting immediately 
post-surgery, with one injection in the light phase and one in the dark phase. The liraglutide 
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dose was increased stepwise over the first two treatment days (0.05 mg/kg, 0.1 mg/kg, 0.15 
mg/kg, 0.2 mg/kg) and then maintained at 0.2 mg/kg per injection. Exendin9-39 (Bachem, 
Bubendorf, Switzerland) or its vehicle was administered s.c. via osmotic minipumps (Alzet 
model 2001, Charles River, Germany) for the eight-days follow-up period. Implantation of the 
osmotic minipumps was performed immediately following the RYGB surgery while rats were 
still under anesthesia; minipumps were inserted via an incision made in the midscapular 
region. Dosages of liraglutide and exendin9-39 were selected based on previous in vivo 
results2-4.  
 
Rat blood collection 
Preoperative plasma was collected on the day of surgery in Microvette EDTA vacutainers 
(Sarstedt, Nümbrecht, Germany) supplemented with protease inhibitor cocktail (Sigma-
Aldrich, Saint Louis, Missouri,USA) and DPPIV inhibitor (Millipore, Darmstadt, Germany) 
and was kept on ice until centrifugation. Serum was collected in Microvette vacutainers 
(Sarstedt) and kept at room temperature until centrifugation. After centrifugation the 
supernatant was separated and stored at -80°C. Postoperative blood was collected at the time 
of euthanasia by heart puncture.  
 
Tissue harvesting 
Human insulin (10 mU/g; Humalog, Lilly, Indianapolis, Indiana, USA) or saline vehicle were 
injected intra-peritoneally for studying insulin signaling and action in subsequent ex vivo 
experiments as described5. Ten minutes after injection, rats were sacrificed and organs were 
harvested within 30 minutes; rats were anesthetized by isoflurane inhalation. The entire aorta 
from the heart to the iliac bifurcation was excised and placed immediately in cold modified 
Krebs-Ringer bicarbonate solution (pH 7.4, 37°C, 95% O2, 5% CO2) of the following 
composition (mmol/L): NaCl (118.6), KCl (4.7), CaCl2 (2.5), KH2PO4 (1.2), MgSO4 (1.2), 
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NaHCO3 (25.1), glucose (11.1), and calcium EDTA (0.026). The aorta was cleaned from 
adhering connective tissue under a dissection microscope and either snap-frozen in liquid 
nitrogen and stored at -80°C or used immediately for ex vivo organ chamber experiments. 
 
Organ chamber experiments  
For endothelial function experiments6, 2-3 mm long aortic rings were connected to an 
isometric force transducer (Multi-Myograph 610M, Danish Myo Technology A/S, Aarhus, 
Denmark), suspended in an organ chamber filled with 5 mL Krebs-Ringer bicarbonate 
solution (37°C, pH 7.4), and bubbled with 95% O2, 5% CO2 at 37°C. Isometric tension was 
recorded continuously. After a 30-minutes equilibration period, rings were gradually stretched 
to the optimal point of their length-tension curve as determined by the contraction in response 
to potassium chloride (100 mmol/L). Concentration-response curves were obtained in a 
cumulative fashion. Responses to acetylcholine (10-9 to 10-6 mol/L; Sigma-Aldrich), GLP-1(7–
36) amide (10
-12-10-6mol/L; herein referred to as GLP-1; Bachem) and insulin (10-11 to 10-6 
mol/L; Humalog, Lilly) were recorded during submaximal contraction to norepinephrine (10-6 
mol/L, Sigma-Aldrich, USA) in the presence or absence of Nω-nitro-L-arginine methyl ester 
(L-NAME, 10-4 mol/L, Sigma-Aldrich), a non-selective nitric oxide (NO) synthase inhibitor 
or of the free radical scavenger polyethylene glycol–superoxide dismutase (SOD 150 U/mL, 
Sigma-Aldrich). The NO donor sodium nitroprusside (SNP, 10-10 to 10-5 mol/L; Sigma-
Aldrich) was added to test endothelium-independent relaxation. Relaxations were expressed 
as a percentage of the pre-contraction. In order to study the direct effects of GLP-1 on 
vascular function, cumulative concentration-relaxation responses were obtained for the 
peptide GLP-1 (7-36) amide (10
-12 to 10-6 mol/L, Bachem) in the presence or absence of the 
highly specific GLP-1 receptor antagonist exendin9-39 (10
-5mol/L 10 min before adding GLP-





Frozen aortae were pulverized and dissolved in lysis buffer (120 mmol/L sodium chloride, 50 
mmol/L Tris, 20 mmol/L sodium fluoride, 1 mmol/L benzamidine, 1 mmol/L dithiothreitol, 1 
mmol/L EDTA, 6 mmol/L EGTA, 15 mmol/L sodium pyrophosphate, 0.8 ug/mL leupeptin, 
30 mmol/L p-nitrophenyl phosphate, 0.1 mmol/L phenylmethylsulfonyl fluoride, and 1% NP-
40) for immunoblotting. The samples (30 ug) were subjected to SDS-PAGE gel for 
electrophoresis and incubated with SAPK/JNK and phospho-SAPK/JNK (Thr183/Tyr185) 
antibodies (Cell Signalling, Beverly, Massachusetts, USA), anti-eNOS/NOS Type III and 
anti-eNOS (pS1177) antibodies (BD Biosciences, San Jose, CA, USA), anti-eNOS (pT495) 
(BD Biosciences), Akt and phospho-Akt (Ser473) antibodies (Cell Signalling), anti-GLP-1-R 
antibody (Abcam, Cambridge, UK) and anti-GAPDH antibody (Millipore). The 
immunoreactive bands were detected by chemiluminescence (Amersham Biosciences, 
Buckinghamshire, UK) and quantified densitometrically with Image J software (National 
Institutes of Health, Bethesda, Maryland, USA). To assess eNOS dimer formation, non-
denaturing low-temperature SDS-PAGE was employed. Aortas were lysed as described above, 
treated with 6x Laemmli`s buffer not containing β-mercaptoethanol, and immediately 
subjected to 6% SDS-PAGE without prior incubation at 99°C.  
 
eNOS s-glutathionylation 
Twenty mg of aortic tissue were lysed in lysis buffer supplemented with 25mM N-
ethylmaleimide (NEM) (Sigma-Aldrich). eNOS was immunoprecipitated at 4°C overnight 
with NOS3 (C-20) agarose-conjugated antibody (Santa Cruz Biotechnology, Dallas, Texas, 
USA), eluted by two 10min 50°C 500rpm incubations with non-reducing 6xLaemmli`s buffer 
supplemented with 25mM NEM, and immediately subjected to non-reducing SDS-PAGE. S-
glutathione was detected using anti-glutathione antibody (Virogen, Watertown, MA, USA) 




DHE staining on rats aortae 
Frozen 10 µm sections from aortae were cut with a Leica CM3050S cryostat and placed on 
positive-charged slides (Superfrost Plus, Thermo Scientific, Waltham, MA, USA). 
Dihydroethidium (Sigma Aldrich) was prepared as stock solution in DMSO, diluted in 
deoxygenated PBS (final concentration 5µM), and applied to frozen sections for 30 min at 
37°C. Nuclei were counterstained with Hoechst 33258 (Sigma Aldrich, final concentration 
1µg/ml). Slides were coverslipped and images taken on a SP8 microscope (10x/0.30 
objective; Leica, Solms, Germany), and quantified (ImageJ, NIH). DHE fluorescence was 
calculated by subtracting the autofluorescence signal (green channel) from the DHE signal 
(red channel), and normalized to the total fluorescent area. 
 
NADPH oxidase activity  
NADPH oxidase activity was measured using a commercial NADP/NADPH assay kit 
(Abcam) according to the manufacturer`s instructions. To measure the effect of HDL on 
endothelial NADPH oxidase activity, HAECs were treated with HDL (50ug/ml) for one hour 
at 37°C, as described7. 
 
Serum bile acid measurements 
Serum bile acids were measured with Cobas Integra 800 (Roche, Basel, Switzerland). 
 
Plasma insulin and GLP-1 measurements 
Customized rat and human duplex insulin/active GLP-1 Meso Scale Discovery 96-well plates 
were used to measure plasma insulin and GLP-1 concentrations, respectively, following the 




Serum HDL isolation by sequential density centrifugation 
HDL was isolated from fresh, fasting plasma by density gradient ultracentrifugation (HDL: 
density 1.063 to 1.21 g/cm3), as described8, 9. Potassium bromide (Merck KGaA, Darmstadt, 
Germany) was used to adjust the density. Purity of HDL was assessed by SDS-PAGE and 
subsequent Coomassie Blue staining of the gel. 
 
Cell culture 
Human aortic endothelial cells (HAEC) were obtained from (Lonza, Basel, Switzerland) and 
cultured in endothelial cell basal medium-2 (Lonza) supplemented with endothelial growth 
medium–SingleQuots as indicated by the manufacturer (37°C, 95% air / 5% CO2). HAECs 
were grown to sub-confluency and rendered quiescent before experiments by incubation in 
medium containing 0.5% fetal calf serum. For reverse cholesterol transport experiments, the 
murine macrophage cell line J774 was cultured on 75-cm2 flasks, in 10% FBS, 4.5g/l glucose 
RPMI medium 1640 (GIBCO, Life Technologies, Grand Island, NY, USA). 
 
TNF α- induced VCAM 1 expression in HAEC stimulated with HDL 
Expression of vascular cell adhesion molecule 1 (VCAM-1) was assessed in HAEC (passage 
7-9) stimulated with TNF-α on 96-well black-wall clear-bottom plates (BD). HAECs were 
rendered quiescent before experiments and treated overnight with or without HDL (10-μg 
protein/mL), followed by four hours of stimulation with TNF-α (100pg/ml) before fixation. 
Blocking with Licor buffer and incubating cells with VCAM 1 (R&D Systems, Minneapolis, 
MN, USA). Washing and adding secondary antibody, anti-goat 800CW (green) with Draq-5 
for normalization (680CW). For measurements the quantitative fluorescent imaging systems 




Measurement of endothelial cell NO production by 4,5-diaminofluorescein diacetate 
(DAF-2) staining.  
Endothelial cell NO production was determined as described10. In brief, after overnight 
starvation HAEC were incubated for one hour at 37°C with HDL (60 μg/ml) and DAF-2 
diacetate (1 μM; Cayman Chemical, Ann Arbor, Michigan, USA), that forms the fluorescent 
triazolofluorescein upon reaction with cellular NO. Following incubation, cells were 
transferred to a black microplate and fluorescence was measured on a Tecan Infinite M200 
PRO reader (Tecan, Maennedorf, Switzerland) with excitation and emission wavelenghts of 
485nm and 535nm, respectively.  
 
Measurement of aortic NO production.  
NO release in rat aortas was examined by electron spin resonance ESR spectroscopy analysis 
with the use of the spin-trap colloid Fe (DETC) 2 (Noxygen, Elzach, Germany), as described 
and validated previously11, 12. Briefly, Krebs-HEPES buffer (37°C), 500 μL of FeSO4 and 
DETC solution were added to each sample and incubated at 37°C for 60 minutes. Samples 
were frozen immediately in liquid nitrogen till recording with the use of NOX-E.5-ESR 
spectrometer (Bruker, Bremen, Germany). Signals were quantified by measuring the total 
amplitude after correction of baseline and subtraction of background signals. 
 
PON-1 activity 
Paraoxonase-1 (PON1) activity was determined using spectrophotometric measurement of 
rate of cleavage of phenylacetate (Sigma-Aldrich) to produce phenol in serum by monitoring 
the increase in absorbance at 270 nm at 25 °C, as described13. The resulting phenol 
concentration was calculated by the molar extinction coefficient, ε = 1,310 M–1 (pH 8.0). 




In vitro apoptosis assay 
HDL anti-apoptotic properties were assessed in HAEC by evaluating cytoplasmic DNA-
histone complexes that increase after apoptosis associated DNA fragmentation, using the Cell 
Death Detection ELISAPlus kit (Roche Biochemicals) according to the manufacturer’s 
instructions. 
 
In vitro reverse cholesterol transport capacity of HDL 
J774 murine macrophages were seeded at a density of 1x106 /well in 24-well plates and the 
next day labeled with 2 µCi/mL 3H cholesterol for a minimum of 17 hours overnight in the 
presence of 2ug/ml acetyl-Coenzyme A acetyltransferase inhibitor (58-035, Sandoz 
Holzkirchen, Germany) in 500ul 0% FBS, 4.5g/l glucose RPMI 1640 medium (GIBCO, Life 
Technologies). The following day cells were washed 2x with PBS and equilibrated for six 
hours with 0.3mM 8-(4-bromophenylthio)-3’-5’-cyclic adenosine monophosphate (Sigma-
Aldrich) in the presence of acetyl-Coenzyme A acetyltransferase inhibitor in 500ul 0% FBS 
4.5g/l glucose RPMI medium. Apo B-depleted serum was obtained by polyethylene glycol 
precipitation, and 2.8% v/v Apo B-depleted serum was used as efflux acceptor for four hours 
in the presence of acetyl-Coenzyme A acetyltransferase inhibitor in 500ul 0% FBS MEM-
25mM HEPES medium. As controls, 2.8% v/v Apo B-depleted healthy human serum or 
MEM-HEPES medium alone were used. Supernatants were collected and centrifuged during 
five minutes at 12 000 rpm and 250ul were used for ten minutes of liquid scintillation 
measurements (PerkinElmer, Boston, MA;USA). Cells were washed 1x with PBS and 
intracellular cholesterol was extracted twice sequentially with 500ul 3:2 hexane:isopropanol 
for thirty minutes and fifteen minutes respectively, evaporated under a N2 flux and 
resuspended in 500ul isopropanol, from which 250ul were used for ten minutes liquid 
scintillation. Reverse cholesterol transport capacity of HDL was calculated as the ratio 
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To assess the distribution of cholesterol over the different lipoprotein fractions, lipoproteins 
were separated by size exclusion chromatography followed by online determination of lipids14 
or by fast protein liquid chromatography (FPLC) using two Superose-6 FPLC columns in 
series (HR10/30) in PBS with 0.1 mM EDTA, pH 7.5 at 0.5 ml/min. Columns were calibrated 
using high and low molecular weight standards (Pharmacia, Stockholm, Sweden). 500 ul of 
serum was loaded on the column, the first 10 ml were discarded and afterwards 70 samples of 
500 ul were collected for analysis. Cholesterol concentrations were measured using 
colorimetric and enzymatic methods with ready to use kits (Amplex red cholesterol kit, Life 
Technologies). 
 
Patient population  
Studies were performed according to the principles of the Declaration of Helsinki. The Local 
Research and Ethics committee approved the study (KEK-ZH-Nr. 2012-0260), and all 
patients gave written consent. The surgery group consisted of 29 patients undergoing primary 
laparoscopic proximal RYGB surgery. The RYGB procedure was performed as described15. 
All patients underwent a clinical, biochemical and pre-anesthetic evaluation, and all patients 
adhered to the study protocol and completed follow-up. Patients with unstable medical 
conditions such as recent coronary syndromes (within six months), congestive heart failure, 
systemic infection, acute illness, malignancy, or pregnancy, substance abuse, more than three 
alcoholic drinks per day, or psychiatric illness were excluded. Fasting blood samples were 
collected before (D0), at the first outpatient appointment two weeks (D14), and 12 weeks 
12 
CIRCULATIONAHA/2014/011791R1 
(W12) post RYGB surgery. The BMI-matched group consisted of 29 obese patients, who 
were asymptomatic with no history of heart disease and not undergoing any cardiovascular 
conditioning program. 
The BMI, body weight, age and gender of these patients were matched to the BMI of patients 
12 weeks after RYGB. The control group consisted of 28 normal-weight volunteers matched 
for age and sex. They did not undergo any cardiovascular conditioning program. All control 
subjects were asymptomatic with no history of heart disease or accompanying disorders. 
 
Blood sampling 
Blood samples were obtained from fasting patients before RYGB (D0), in the morning of the 
first outpatient appointment two weeks after RYGB surgery (D14), and 12 weeks (W12) post 
RYGB surgery. Serum was collected in non-additive vacutainers, and plasma was collected in 
BD P800 vacutainers (containing DPPIV and protease inhibitors) that were kept at +4°C 
before and after blood collection. Blood samples were collected from fasting healthy subjects 
at the time of the study enrollment; plasma and serum were processed as described above. 
 
Statistical Analysis 
All analyses were performed with GraphPad Prism Software (version 5.0) or with SPSS 




RYGB reduces Food Intake and Body Weight compared to sham-operated controls 
In the first experiment, RYGB reduced food intake (FI) and body weight relative to sham-
operated ad libitum fed rats (controls) (SOM, Fig. 3 A-B). The body weight of the weight-
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matched group was well matched to RYGB rats, thus allowing the discrimination of surgery-
specific from weight-dependent effects since the only variable between these two study 
groups was the RYGB procedure. In the second experiment, FI and body weight were 
decreased to a similar extent in vehicle-treated RYGB versus sham-operated rats. Exendin9-39 
treatment in RYGB rat did not affect food intake or weight compared to the vehicle-treated 
RYGB (SOM, Fig. 3 C-D). Sham operated controls rats receiving liraglutide ate less initially, 
but they progressively increased their FI to a level similar to sham-operated controls on day 5 
after surgery. The initial weight decrease in liraglutide-treated sham-operated rats was similar 
to that in RYGB rats, but liraglutide-treated rats started to regain some weight three to four 
days after treatment onset, as described16 (SOM Fig.3 C-D). Some sham-operated and RYGB 
rats were followed up for one month in order to assess prolonged changes and compare 
weight-dependent effects (RYGB vs controls) with weight-independent effects (RYGB vs 
weight-matched). Sham-operated controls ate more compared to RYGB and weight-matched 
rats. The body weight of RYGB and weight-matched was well matched and remained stable 
around 470g after the initial weight loss (SOM Fig. 3 E-F).  
 
The improvement of vascular function after RYGB is weight-independent. 
Aortic contractions after norepinephrine (NE) were similar in sham-operated or RYGB rats 
(data not shown) in all experiments. Endothelium-independent relaxations in response to 
sodium nitroprusside (SNP) were equally preserved eight days after surgery (SOM Fig.4 C, 
H). Interestingly, one month after surgery, RYGB maintained a better relaxation in response 
to both insulin and GLP-1 with respect to sham-operated rats, whereas, acetylcholine-induced 
relaxation was restored in weight-matched equally to RYGB rats (SOM Fig. 4 D-F). Hence, 
although their weight was reduced as in the RYGB, weight-matched rats did not improve their 
relaxation upon stimulation with both hormones Because the response to acetylcholine one 
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month after surgery was similar in weight-matched and RYGB, insulin and GLP-1 are likely 
to be a more sensitive tools to investigate vascular function than muscarinic receptor-induced 
relaxation in this model of HFHC-induced obesity. After one month, endothelium-
independent relaxations to sodium nitroprusside (SNP) (10−10–10−5 mol/L) were similar in all 
groups (data not shown). 
 
Improved HDL profile after RYGB 
Despite similar plasmatic HDL-cholesterol concentrations among the study groups (SOM Fig 
6 A), the analysis of the cholesterol distribution profile across all fast protein liquid 
chromatography (FPLC)-separated lipoprotein fractions revealed a clear shift towards smaller 
size and more uniformed HDL particle after RYGB (SOM Fig 6 B-C ). The cholesterol 
distribution profile attributed to the HDL particles in sham-operated rats was similar to what 
has been described in animals fed high cholesterol diets17. Notably, sham-operated controls 
treated with liraglutide exhibited cholesterol attributed to smaller HDL particles similar to 
RYGB, whereas the absence of effect after exendin9-39 compared to RYGB advocates an 
action independent of the classical GLP-1 receptor (SOM Fig.6 D). 
 
Patient characteristics and follow-up after RYGB  
The anthropometric characteristics, medications and lipid profile of obese patients undergoing 
RYGB surgery and those of the group BMI-matched to week 12 after RYGB are presented in 
SOM Table 1. All patients adhered to the study protocol and completed follow-up. The mean 
preoperative BMI was 45.44±1.0 kg/m2, n= six patients were super-obese (BMI> 50kg/m2). 
As expected, there was a high prevalence of obesity associated comorbidities at the time of 
study enrollment; T2DM was present in 20%; hypertension in 33% and obstructive sleep 
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apnea (OSAS) in 31% of the patients. There were five (17%) current smokers. At D14, the 
acute phase reaction post-surgical trauma was resolved as confirmed by the post-operative 
time course of IL-6, C-reactive protein (CRP) levels and leukocyte counting (data not shown); 
weight and BMI were reduced (42.20±1.0) (SOM Table 1), and decreased further at W12 
(weight loss= 18.2%; mean BMI 37.13 kg/m2). RYGB patient at baseline had significantly 
lower concentrations of HDL-C and higher concentrations of TG than controls. Postoperative 
changes of HDL-C followed a U shaped curve: there was a significant decrease from baseline 
to D14 followed by an increase at 12 weeks, but HDL-C was lower than in controls. 
Triglycerides levels improved by RYGB but remained higher than in controls, even 12 weeks 
after RYGB; these levels were lower 12 weeks after surgery than in the BMI-matched group. 
As expected, age-matched, healthy subjects significantly differed from obese with respect to 
weight and BMI. As shown in SOM Table 2, RYGB was associated with a significant 
increase in fasting circulating GLP-1 and bile acids levels paralleled by a significant decrease 





Table 1: Clinical and Anthropometric Characteristics in Patients and Healthy Subjects
Unless specified otherwise, values are means ± SE. Letters indicate statistically significant difference from : (a) Healthy, (b) D0, (c) 
D14, (d) 12W; (e) BMI-matched to 12W post RYGB; p<0.05. 
For Log LDL: b vs. c, p=0.001; b vs. e, p<0.0001; d vs. e, p=0.03. 
For HDL: p<0.0001 except for b vs. e, p=0.01
For Log TG: p <0.0001 except for c vs. e, p=0.002; b vs. e, p=0.03 and d vs. e, p=0.003. 
BMI, body mass index. OSAS, obstructive sleep apnea syndrome. LDL, low density lipoprotein. HDL, high density lipoprotein. TG, 
triglycerides. ACEI, Angiotensin-converting-enzyme inhibitors.
RYGB
D0                                        D14                                    12W 
(n=29)





Age, years 40.9 ± 1.7 42.7±2.1 37.8±2.4
Female gender, n (%) 17 (58.6%) 19 (65%) 14 (50%)
Height, m 1.7 ± 0.01 1.7± 0.01 1.7± 0.01
Body weight, kg 134.0 ± 3.7a 124.0 ± 3.4ab 109.3 ± 3.4ac 110.3±3.8abc 66.0±1.8
BMI (kg/m2) 45.4 ± 1.0a 42.2 ± 1.0ab 37.0 ± 1.0abc 37.15±0.9abc 21.9±0.3
Current smokers (%) 5/29 (17%) 4/29 (14%) 3/29 (10%) 5/29 (17%)
Diabetes, n (%) 6/29 (20.7%) 4/29 (13.8%) 0/29b (0%)b 2/29 (6.9%)
OSAS 9/29 (31.0%) 7/29 (24.1%) 6/29 (20.7%) 10/29(34.5%)
Lipid profile
Total cholesterol (mmol/l) 4.8 ± 0.2 4.2 ± 0.2ab 4.0 ± 0.1ab 5.10± 0.20 4.89± 0.10
Log LDL (mmol/l) 1.04 ± 0.05 0.89 ± 0.06b 0.85 ± 0.05b 1.06± 0.07bd 0.98± 0.06
HDL (mmol/l) 0.97(0.82-1.21) 0.77 (0.67-0.97) 0.89 (0.82-1.02) 1.17 (1.01-1.46)ab 1.58 (1.29-1.88)
LDL/HDL 3.14±0.23a 3.35±0.24a 2.70±0.16abc 2.65±0.19 1.87±0.19
Log TG (mmol/l) 0.45±0.07a 0.53±0.06a 0.34±0.04 0.77±0.12abc 0.13±0.08
Medications
Metformin, n (%) 3/29 (10.3%) 2/29 (6.9%) 0/29 (0%)b 2/29 (6.9%)
ACEI (%) 2/29 (6.9%) 2/29 (6.9%) 0/29 (0%) 1/29 (3.4%)
Sartans 2/29 (6.9%) 2/29 (6.9%) 2/29 (6.9%) 0/29
B-blockers 5/29 (17.2%) 5/29 (17.2%) 1/29 (3.4%)b 0/29
Statins 0/29 (0%) 0/29 (0%) 0/29 (0%) 6/29 (20.7%)bcd
Ca-channels blockers 2/29 (6.9%) 2/29 (6.9%) 1/29 (3.4%) 0/29
Diuretics 3/29 (10.3%) 2/29 (6.9%) 1/29 (3.4%) 1/29 (3.4%)
Others (Gliptins) 1/29 (3.4%) 1/29 (3.4%) 0/29 (0%) 0/29
Table 2: GLP-1, bile acids and glycemic profile in Patients and Healthy Subjects 
GLP-1, Glucagon-like peptide-1. HOMA IR, Homeostatic model assessment for insulin resistance.
RYGB








Log GLP-1, pg/ml -0.76±0.2a 0.69±0.1b 0.40±0.1b 0.29±0.13
Log Bile acids, umol/L 2.02±0.06a 2.19±0.05ab 2.39±0.06bc 2.4±0.06
Glucose, mmol/L 6.40±0.25a 5.39±0.11b 5.12±0.11b 5.49±0.27 5.29±0.15
Log Insulin, UI/ml 2.69±0.16a 2.49±0.09ab 2.28±0.1b 2.41±0.113ac 1.58±0.16
Log HOMA IR 0.69±0.15a 0.48±0.09ab 0.20±0.11abc 0.37±0.13a -0.42±0.16
Unless specified otherwise, values are means ± SE. Letters indicate statistically significant difference from : (a) Healthy, (b) D0, (c) 
D14, (d) 12W, (e) BMI-matched to 12W post RYGB; p<0.05. 
For Log GLP-1: p<0.0001.
For Log Bile acids: p <0.0001; except c vs. d, p< 0.01. 
For Glucose: b vs. d 0.002
For Log Insulin: p<0.0001; except: c vs. d, p< 0.03; a vs. e, p< 0.001
Log HOMA IR: p<0.0001; except: b vs. d, p< 0.01; c vs. d, p< 0.004; a vs. d 0.004.
Table 3.  Overwiev of the RYGB-specific, weight-independent and GLP-1-mediated rapid effects on endothelial–mediated 
relaxation and HDL vaso-protective properties
*weight-independent effects are considered effects observed in RYGB but not in sham-operated weight-matched rats.
†Improved by liraglutide suggests effects involving GLP-1 activated signaling. 
‡ Blocked by exendin9-39 suggests effects mediated by the classical GLP-1 receptor.
§ protective HDL properties observed in patients 12 weeks after RYGB but not in the BMI-matched patients.
Rats eight days after RYGB Patients after 
RYGB 










Vasorelaxation in response to:
Insulin YES YES YES
GLP-1 YES YES YES
Acetylcholine YES YES
HDL- mediated vaso-protective 
properties:
NO production YES YES YES §
Anti-apoptosis YES YES YES
Anti-inflammatory YES YES YES §
Anti-oxidant
(NADPH oxidase activity)
YES YES YES §
PON-1 activity YES YES §
Cholesterol efflux YES YES §
7 weeks of high fat high cholesterol diet
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SOM Figure  4
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Supplemental Figure Legends 
Figure 1. 
Study design of the two main animal experiments (A) RYGB, sham-operated ad libitum fed 
(controls) or body weight- matched to RYGB rats followed up for eight days; (B) RYGB or 




Plasma levels of GLP-1 (A) and total bile acids (B) in RYGB compared to sham-operated rats 
one month after surgery, (*RYGB vs controls and weight-matched, p=0.0001). Values are 
means ± SEM. n= 10-15 each group. 
 
Figure 3. 
A. Cumulative 24 hours-food intake in sham-operated controls (n=12), RYGB (n=17) and 
sham-operated weight-matched (n= 12) rats on the eight post-operative days. Average 
cumulative food intake was significantly higher in sham-operated controls vs. RYGB, and 
sham-operated weight-matched rats, (*** controls vs RYGB and weight-matched, p <0.001). 
No statistically significant difference was observed between RYGB and weight-matched rats. 
B.  Body weight before and eight days after surgery. Body weight was significantly 
higher in controls compared to RYGB rats starting from day 4; body weight did not differ 
between RYGB and weight-matched rats (*, **, *** controls vs RYGB; ° controls vs weight-
matched, p<0.05, p<0.01, p<0.001, respectively). C. Cumulative 24 hours-food intake in 
controls (n=6), controls-liraglutide (n=6); RYGB (n=11), RYGB-exendin9-39 (n=10). Average 
cumulative food intake was significantly higher in controls vs. RYGB and RYGB-exendin9-39 
rats (*, **, *** controls vs RYGB and RYGB-exendin9-39; °,°°,°°° controls vs controls-liraglutide, p 
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<0.05, p<0.01, p<0.001, resp.; § RYGB and RYGB-exendin9-39 vs. controls-liraglutide , p<0.05). 
There was no statistically significant difference between sham-operated controls and controls-
liraglutide after post-operative day 5. D. Body weight increased progressively in sham-operated 
controls with statistically significant differences with RYGB-exendin9-39 and RYGB (* controls 
vs RYGB and RYGB-exendin9-39; p<0.05). E. Cumulative 24 hours-food intake in controls 
(n=12), RYGB (n=19) and sham-operated weight-matched (n= 12) rats during the 1 month 
postoperative period. Average cumulative food intake was significantly higher in sham-
operated controls vs. RYGB, and weight-matched rats, (*** sham-operated controls vs RYGB 
and weight-matched, p <0.001). No statistically significant differences were observed 
between RYGB and weight-matched rats after surgery (°°RYGB vs weight-matched; p<0.01). 
F. Body weight after one month was significantly higher in controls rats compared to 
RYGB and sham-operated weight-matched (*** controls vs RYGB and weight-matched, p 
<0.001; °controls vs. RYGB, p<0.05). Results are presented as means ± SEM.  
 
Figure 4. 
A-C Endothelium-dependent relaxation (during submaximal contraction to norepinephrine 
(NE)) of aortic rings isolated eight days after RYGB compared to sham-operated rats (A) 
concentration-response curves in response to GLP-1 in the presence of the highly specific 
GLP-1 receptor antagonist exendin9-39 (10
-5 mol/l, 10 min before GLP-1). (B) Line graphs 
show concentration-response curves to acetylcholine (Ach). (C) Endothelium-independent 
relaxation to the NO donor sodium nitroprusside (SNP) across the experimental groups 
(*sham-operated controls rats vs RYGB; ° sham-operated weight-matched vs. RYGB, 
p<0.05).  
D-F Endothelium-dependent relaxation one month after RYGB compared to sham-operated 
rats in response to insulin (D), GLP-1 (E) and (F) to acetylcholine (Ach) (*controls rats vs 
RYGB; ° weight-matched vs RYGB rats; § controls vs weight-matched, p<0.05 respectively). 
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G-H Effects of eight days treatment with liraglutide or exendin9-39 in sham-operated 
controls and RYGB, respectively, on endothelium-dependent (G) relaxation to Ach and 
endothelium-independent response to SNP (H) (*sham-operated controls vs RYGB, p<0.05). 
Results are presented as means ± SEM. n=6 to 8 per group. 
I-N Concentration-response curves in response to insulin and GLP-1 in the presence of the 
free radical scavenger polyethylene glycol–superoxide dismutase (SOD 150 U/mL) of aortic 
rings isolated eight days after RYGB and after GLP-1 modulation (* RYGB vs. sham-
operated weight-matched; # controls vs. controls-liraglutide; § controls vs. RYGB-exendin9-39, 
p<0.05). Results are presented as means ± SEM. n=6 to 8 per group. 
 
Figure 5. 
(A-B) GSH immunoblotting of eNOS immunoprecipitated from rat aortae eight days after 
RYGB and after GLP-1 modulation (* RYGB vs. sham-operated weight-matched;  p<0.01). 
 
Figure 6. 
HDL associated PON-1 activity. (A) Eight days after RYGB and after GLP-1 modulation (C). 
HDL-stimulated cholesterol efflux in J774 macrophages (as % of sham-operated controls); 
eight days after RYGB (B) and after GLP-1 modulation (D). (* RYGB vs. other groups; # 
sham-operated controls-liraglutide vs RYGB; ° sham-operated controls vs RYGB-exendin9-39, 
p<0.05). Results are presented as means ± SEM n=8-10 in each group. 
 
Figure 7. 
The abnormal HDL particles size induced by high fat high cholesterol diet is reversed after 
RYGB and liraglutide treatment. Total HDL-cholesterol levels eight days after RYGB were 
unchanged (A). Cholesterol distribution profile across all fast protein liquid chromatography 
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(FPLC)-separated lipoprotein fractions from samples isolated eight days (B) and one month 
after surgery (C) and after liraglutide or exendin9-39 treatment in sham-operated controls or 
RYGB rats, respectively (D). Results are presented as means ± SEM; n=5-7 per group. 
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5.2 Original research article: Inhibition of vascular JNK2 improves obesity-induced 
endothelial dysfunction after Roux-en-Y gastric bypass surgery  
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Background: Roux-en-Y gastric bypass surgery (RYGB) reduces body weight, obesity-
associated co-morbidities, and cardiovascular mortality. Obesity-induced endothelial 
dysfunction is improved rapidly after RYGB independently from body weight loss. This 
effect is associated with reduced aortic activation of c-jun N-terminal kinase (JNK). In the 
present study we examined whether the RYGB-dependent improvement of endothelial 
function can be pharmacologically mimicked by in vivo JNK inhibition in diet-induced obese 
(DIO) rats. Furthermore, we investigated the specific contribution of JNK1 versus JNK2 in 
obesity-induced endothelial dysfunction and how RYGB modulates the activation of these 
JNK isoforms at the vascular level. Methods and Results: After seven weeks of high fat high 
cholesterol diet, DIO rats underwent RYGB or sham surgery, and sham-operated ad libitum-
fed rats received either control peptide D-TAT or the JNK peptide inhibitor D-JNKi-1 (D-
JNK; 20mg/kg/day s.c.) for 8 days post-surgery. Obesity was associated with increased aortic 
phosphorylation of JNK2, but not JNK1. Interestingly, in vivo D-JNK treatment completely 
mimicked the rapid improvement in endothelial function after RYGB, and this was associated 
with a selective blunting of aortic JNK2 phosphorylation after both RYGB surgery and D-JNK 
treatment. This was further accompanied by improved nitric oxide (NO) bioavailability 
resulting from reduced inhibitory phosphorylation of insulin receptor substrate-1 (IRS-1) and 
higher endothelial Akt/NO synthase activation in parallel with reduced anion superoxide 
levels. Conclusions: Obesity-induced endothelial dysfunction is associated with a specific 
increase of aortic JNK2 phosphorylation. In vivo JNK inhibition blunts aortic JNK2 activation 
and restores endothelial function, thus mimicking the rapid vaso-protective effects of RYGB. 






Severe obesity (BMI>35 kg/m
2
) is a major worldwide health problem due to associated co-
morbidities such as type 2 diabetes mellitus (T2DM) and dyslipidemia, which significantly 
increase cardiovascular disease risk and mortality.
1, 2
 Obesity is characterized by a systemic 
chronic inflammation associated with endothelial dysfunction, oxidative stress, and insulin 
resistance.
2, 3
 Bariatric surgery, and in particular Roux-en-Y gastric bypass (RYGB), is 
currently the single most effective treatment against morbid obesity, able to achieve not only 
sustained weight loss and significant long-term improvement of co-morbidities, but also a 
reduction of cardiovascular disease risk and mortality.
1, 4-8
 RYGB has been shown to restore 
endothelial function and to normalize the lipid profile,
1, 4-8
 and recent data suggest that in 
addition to weight loss, surgery-specific changes of gut hormones, i.e. glucagon-like peptide-1 
(GLP-1), may be crucial contributors to these improvements.
9-12
 
A crucial player linking obesity, insulin resistance, and endothelial dysfunction is the c-jun N-
terminal kinase (JNK) family of proteins.
13
 There are three genes in this family: JNK1 and 
JNK2 are ubiquitously expressed, while JNK3 expression is restricted to the brain, heart, and 
testes.
13
 JNK activation suppresses the insulin signaling pathway through phosphorylation of 
insulin receptor substrate-1 (IRS-1) at ser307, which inhibits IRS-1 activation and 
downstream cellular insulin signaling.
14
 The first evidence that JNK could play a role in 
obesity-induced insulin resistance was obtained in studies showing that total JNK activity is 
increased in liver, fat, and muscle in leptin-deficient ob/ob and in diet-induced obese (DIO) 
mice.
15
 Deletion of JNK1 (JNK1-/-) in DIO mice reduced weight gain, decreased body 
adiposity, blood glucose and insulin, and improved glucose tolerance and insulin sensitivity; 
these changes were associated with decreased total JNK activity in liver, muscle, and adipose 
tissue, and with reduced IRS-1 ser307 phosphorylation in the liver.
15
 In contrast to JNK1-/-, 





however, JNK1+/-JNK2-/- mice showed a favorable metabolic profile similar to the JNK1-/- 
mice, with decreased total JNK activity in the liver.
16
 This suggests that JNK2 may also play a 
relevant role in obesity, and that the balance between JNK1 and JNK2 activation is a critical 
determinant of overall JNK activity.
16 
It is important to note that neither of these studies 
investigated the specific contribution of the different JNK isoforms to total JNK activity in 
tissues other than liver, muscle, and fat under obesogenic conditions.
15, 16
 Hence, it is 
currently unknown which member of the JNK family plays a critical role in mediating 
obesity-induced insulin resistance in the vasculature.  
JNK also contributes to the pathophysiology of cardiovascular disease. JNK2 directly inhibits 
endothelial nitric oxide synthase (eNOS),
17 
and JNK2-/- mice were protected from 





 and JNK1-/-LDLR-/- mice
20
 were resistant to atherosclerosis. In 
addition, vascular insulin resistance in spontaneously hypertensive rats was associated with 
increased total JNK activation and increased IRS-1 ser307 phosphorylation in aortic tissue.
21
 
Finally, JNK has been found to mediate endothelial dysfunction in T2DM subjects, but the 
relative contributions of JNK1 vs. JNK2 has not been investigated so far.
22
 
The detrimental role of JNK activation in the vasculature is also supported by the favorable 
effect of JNK inhibitors against endothelial dysfunction and atherosclerosis. A four week-long 
treatment with the JNK inhibitor SP600125
23
 reduced atherosclerotic plaque formation by 
50% in apoE-/- mice.
19
 Ex vivo SP600125 administration also inhibited vasoconstriction and 
induced dose-dependent relaxation in rat aortic rings.
24
 Unfortunately, SP600125 is rather 
unspecific and also inhibits other kinases besides JNK,
25, 26
 prompting the need for more 
specific inhibitors. The peptide inhibitor D-JNKi-1 (D-JNK), e.g., selectively blocks all three 
isoforms of JNK.
27
 A two-week treatment of leptin receptor-deficient diabetic db/db mice 
5 
 
with the L-enantiomer L-JNK improved glucose tolerance and insulin sensitivity, increased 
Akt activation and decreased IRS-1 ser307 phosphorylation in liver, fat and muscle tissue.
28
 
We previously demonstrated that in DIO rats RYGB improved endothelial vasodilation in 
response to insulin and to GLP-1, a major insulin-releasing peptide hormone with 
vasodilatory effects,
29
 and the effect occurred rapidly and independently from body weight 
loss.
12
 We also showed that RYGB activated the aortic Akt/eNOS signaling pathway and 
decreased total JNK phosphorylation and vascular oxidative stress, resulting in preserved 
nitric oxide (NO) bioavailability.
12
 Therefore, in the present study we used pharmacological 
in vivo JNK inhibition in DIO rats to test whether this treatment mimics the protective 
endothelial effects of RYGB. Moreover, to gain further insights into the role of JNK 
activation in obesity-induced endothelial dysfunction, we investigated the specific aortic 












Materials and Methods 
An expanded description of the methods is available in supplemental online materials (SOM). 
 
Animals and organ chamber experiments 
Male Wistar rats were fed a high fat high cholesterol diet containing 60% kcal fat and 1.25% 
cholesterol (HFHC) (Research Diets, New Brunswick NJ, USA) for seven weeks prior to 
surgery to achieve DIO; the same diet was given after surgery, as previously described.
12
 Two 
main experiments were performed (SOM Fig. 1): 1.) RYGB group; sham-operated ad libitum-
fed rats treated either with the peptide inhibitor D-JNKi-1 20mg/kg/day s.i.d. s.c. (D-JNK; H-
dqsrpvqpflnlttprkprpprrrqrrkkrG-NH2, Pepscan, Lelystad, The Netherlands) or with an 
equimolar concentration (8.3 mg/kg) of the control peptide D-TAT s.i.d. s.c. (H-pprrrqrrkkrG-
NH2, Pepscan) for 8 days (controlsD-TAT); 2.) RYGB group; sham-operated ad libitum-fed rats 
treated either with SP600125 40mg/kg/day s.i.d. s.c. (SP rats; Selleckchem, Houston TX, 
USA) or with vehicle (DMSO, Sigma-Aldrich, St. Louis, MO, USA) s.i.d. s.c. for 8 days 
(controlsDMSO). All results of the second experiment are reported in SOM.  
Rats were randomly allocated to RYGB or sham surgery, and sham-operated rats were 
randomly allocated to the experimental or control treatment, respectively. Surgery was 
performed as previously described,
12
 and the respective treatment started on the day after 
surgery. Rats were sacrificed 8 days after surgery. Non-operated male chow-fed Wistar rats of 
similar age were used as lean controls. A subset of DIO controlsD-TAT and D-JNK rats were 
kept in metabolic cages to quantitatively assess water intake and urine excretion. 
Additionally, non-operated male chow-fed Wistar rats of similar age were also treated with D-
JNK 20mg/kg/day s.i.d. s.c. and equimolar D-TAT s.i.d. s.c. for 8 days. The Cantonal Zurich 
Veterinary Office approved all animal experiments. Cumulative concentration-relaxation 
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Thoracic aorta was lysed as previously described
12
 and subjected to SDS-PAGE gel for 
Western blotting. Membranes were incubated with SAPK/JNK (R&D Systems, Minneapolis, 
MN USA) and antibodies against: JNK1/2 (R&D Systems, Minneapolis, MN, USA) and 
phospho-JNK1/2 (Thr183/Tyr185) (Santa Cruz Biotechnology, Dallas TX, USA), IRS-1 and 
phospho-IRS-1 (Ser307) (Cell Signalling, Beverly, Massachusetts, USA), eNOS/NOS Type 
III and eNOS (pS1177) (BD Biosciences, San Jose, CA, USA), Akt and phospho-Akt 
(Ser473) (Cell Signalling, Danvers MA, USA), and GAPDH (Millipore, Darmstadt, 
Germany). The immunoreactive bands were detected by chemiluminescence (Amersham 
Biosciences, Buckinghamshire, UK) and quantified densitometrically with Image J software 
(National Institutes of Health, Bethesda, Maryland, USA). To assess eNOS dimer formation, 




NADPH oxidase activity and dihydroethidium (DHE) staining 
NADPH oxidase activity in thoracic aorta was measured using a commercial NADP/NADPH 
assay kit (Abcam, Cambridge, UK) according to the manufacturer`s instructions. DHE 





Rat active GLP-1 Meso Scale Discovery 96-well plates were used to measure fasting plasma 
GLP-1 concentrations following the provided protocol (Meso Scale Discovery, Gaithersburg. 




Data distribution was analyzed with Kolmogorov-Smirnov test. Normally distributed data was 
analyzed by an unpaired t test or by 1-way ANOVA followed by Bonferroni post hoc test 
where appropriate. We used a 2-way ANOVA with repeated measures to compare repeated 
measurements on the same animals. Non-normally distributed data was analyzed by 1-way 
ANOVA with Dunn`s multiple comparison test. All tests were two-sided and statistical 
significance was accepted if the null hypothesis could be rejected at p<0.05. All analyses were 
performed with GraphPad Prism Software (version 5.0). The authors had full access to and 
take full responsibility for the integrity of the data. All authors have read and agree to the 





Additional results are available in SOM. 
Diet-induced obesity increases JNK2, but not JNK1 activation in aorta 
We first examined the specific activation of JNK isoforms 1 and 2 in the aorta under 
obesogenic conditions. JNK2 phosphorylation was significantly increased in DIO rats fed a 
HFHC diet compared to chow-fed controls, while JNK1 phosphorylation was not affected 
(Fig. 1A). This suggests that vascular JNK2 is specifically activated under obesogenic 
conditions, and that aortic JNK2 activation may play a role in obesity-induced endothelial 
dysfunction. 
In vivo JNK inhibition improves endothelium-mediated vasodilation similar to RYGB 
surgery 
We investigated the effect of 8-day in vivo JNK inhibition on obesity-induced endothelial 
dysfunction by treating DIO sham-operated ad libitum-fed rats with the JNK inhibitor D-JNK 
and comparing their endothelial-mediated vasodilation to RYGB-operated and controlsD-TAT 
rats by ex vivo isometric tension recordings of thoracic aortic rings. As expected, RYGB 
surgery reduced food intake and body weight; D-JNK treatment also decreased food intake 
and body weight (see SOM). Endothelium-mediated vasodilation in response to GLP-1 and 
insulin improved in D-JNK-treated rats compared to controlsD-TAT rats, mimicking the effects 
of RYGB surgery (Fig.1B-C); these relaxation responses were abolished by pre-incubation 
with the eNOS inhibitor Nω-nitro-L-arginine methyl ester (L-NAME), indicating an NO-
dependent mechanism (SOM Fig. 5). A similar, but less pronounced effect was observed with 
the JNK inhibitor SP600125 (see SOM). Hence, JNK activation plays a crucial role in 
obesity-induced endothelial dysfunction, and the pharmacological inhibition of JNK has the 
potential to mimic the beneficial vascular effects of RYGB.  
10 
 
In vivo JNK inhibition improves endothelium-mediated vasodilation through a direct 
effect on aorta 
To confirm that the improvement of vasodilation seen in D-JNK rats resulted from the 
specific vascular effects of the in vivo JNK inhibition rather than as a consequence of 
systemic metabolic benefits, we pre-incubated a subset of aortic rings isolated from D-JNK 
and controlsD-TAT rats with 5 μM D-JNK for 30min ex vivo24, 27 before performing endothelial 
function experiments. Ex vivo D-JNK treatment significantly improved insulin- and GLP-1-
induced vasodilation in controlsD-TAT aortas (Fig. 2A-B), while it did not further improve 
vasodilation in rats that had already received the in vivo chronic D-JNK treatment (Fig. 2C-
D). This result strongly suggests that the improved vasodilation observed in rats after in vivo 
JNK inhibition is attributable to a direct protective effect on the aorta. 
 
In vivo JNK inhibition and RYGB surgery reduce JNK2 activation in aorta  
We then examined by Western blot analysis the impact of RYGB surgery and in vivo JNK 
inhibition on the aortic modulation of the different JNK isoforms. Interestingly, aortic JNK1 
phosphorylation was not changed, while aortic JNK2 phosphorylation was significantly 
decreased in both RYGB and D-JNK rats compared to controlsD-TAT rats (Fig. 3A). This 
suggests that RYGB surgery and chronic JNK inhibition specifically inhibit JNK2, but not 
JNK1, in the aorta of DIO rats.  
Interestingly, and opposite to the aorta (Fig. 1A), hepatic JNK1, but not JNK2, 
phosphorylation was significantly increased in DIO rats compared to chow-fed controls (SOM 
Fig. 9A). Further, hepatic JNK2 phosphorylation was not changed in RYGB and D-JNK rats 
compared to controlsD-TAT rats, while hepatic JNK1 phosphorylation was specifically reduced 
after RYGB (SOM Fig. 9B); D-JNK treatment did not affect hepatic JNK1 phosphorylation 
11 
 
compared to control rats (SOM Fig. 9B). Hence, obesity seems to affect the balance between 
JNK1 and JNK2 activation in a tissue-specific pattern. 
 
In vivo JNK inhibition activates the vascular insulin-dependent Akt/eNOS signalling 
pathway similar to RYGB surgery 
We performed Western blot analysis of the downstream vascular insulin-dependent signalling 
Akt/eNOS pathway, which is directly inhibited by JNK2.
14, 16, 17
 Interestingly, RYGB and D-
JNK similarly decreased the inhibitory phosphorylation of IRS-1 at ser307 and increased the 
activatory phosphorylation of Akt at ser473, which in turn lead to increased activatory 
ser1177 phosphorylation and dimerization of eNOS. (Fig.3B-E). Taken together, these results 
suggest that specific JNK2 inhibition in the aorta restores the insulin-dependent vascular 
signalling pathway which preserves NO bioavailability through increased eNOS activation.  
 
In vivo JNK inhibition reduces vascular oxidative stress similar to RYGB surgery 
JNK kinases enhance oxidative stress, which in turn impairs NO bioavailability and leads to 
endothelial dysfunction.
30, 31
 We have shown that decreased oxidative stress contributes to the 
preserved NO bioavailability observed after RYGB.
12
 Therefore, we investigated whether in 
vivo JNK inhibition also affects obesity-induced vascular oxidative stress. The addition of the 
free radical scavenger superoxide dismutase (SOD) significantly improved vasodilation in 
response to insulin and GLP-1 in controlsD-TAT rats, while it did not further improve it in 
RYGB and D-JNK rats (Fig. 4 A-B). This suggests that in vivo JNK inhibition, similar to 
RYGB surgery, exerts potent antioxidant effects against endothelial dysfunction in obesity. 
Indeed, dihydroethidium (DHE) staining of aortic sections showed decreased anion 
12 
 
superoxide levels after RYGB surgery as well as after D-JNK treatment (Fig. 4C). NADPH 
oxidase activity, which contributes to the generation of radical superoxide anions,
30
 was 
significantly decreased in RYGB rats as previously shown,
12
 and also in D-JNK rats (Fig.4D). 
This suggests that in vivo JNK inhibition also mimics the protection of RYGB surgery against 
oxidative stress, therefore further contributing to preserve NO bioavailability. 
 
Increased GLP-1 signalling might contribute to vascular JNK2 inhibition after RYGB 
surgery 
Increased circulating GLP-1 seems to contribute to the beneficial cardiovascular effects of 
RYGB surgery,
12, 32
 and GLP-1-dependent intracellular signalling inhibits JNK1 and JNK2 
activation in various tissues through activation of protein kinase A (PKA).
33-37
 In addition, 
GLP-1 can also activate the Akt/eNOS pathway via activation of PKA.
38, 39 
 Hence, we 
measured circulating GLP-1 levels and assessed aortic GLP-1-dependent signalling pathways 
controlling JNK activation by Western blot. In line with our previous results, RYGB surgery 
increased fasting plasma GLP-1 levels (Fig.5A). Surprisingly, D-JNK also significantly 
increased circulating GLP-1 levels in comparison to controlsD-TAT rats, although to a lesser 
extent than RYGB (Fig.5A). Further, the increase in circulating GLP-1 in RYGB and D-JNK 
rats was accompanied by increased aortic expression of the GLP-1 receptor and by increased 
activation of downstream PKA and cAMP response element binding protein (CREB), which 
are known to negatively regulate JNK
33-37
 (Fig.5B-D). Therefore, increased GLP-1 levels 
after RYGB surgery and systemic in vivo JNK inhibition seem to converge on JNK2 






In the present study we investigated whether the RYGB-dependent improvement of 
endothelial function can be pharmacologically mimicked by in vivo JNK inhibition. In 
addition, we examined the specific contribution of JNK1 versus JNK2 in endothelial 
dysfunction under obesogenic conditions, and the impact of RYGB surgery and in vivo JNK 
inhibition on the modulation of these isoforms at the vascular level. Our major findings were: 
1.) diet-induced obesity specifically increased JNK2, but not JNK1 phosphorylation in the 
aorta; 2.) chronic in vivo and acute ex vivo JNK inhibition significantly improved endothelial-
mediated vasodilation, mimicking the rapid vascular effects of RYGB surgery; 3.) the 
increased JNK2 phosphorylation in the aorta of obese rats was blunted to the same extent by 
RYGB surgery and by in vivo pharmacological inhibition of JNK; 4.) as a consequence, after 
both RYGB surgery and in vivo JNK inhibition, the vascular insulin- and GLP-1-dependent 
intracellular signaling pathways converging on Akt/eNOS activation were restored; 5.) the 
two interventions similarly decreased vascular oxidative stress. Interestingly, in vivo JNK 
inhibition with D-JNK was associated with increased GLP-1 levels similar to RYGB surgery. 
GLP-1-dependent intracellular signaling is known to decrease JNK1 and JNK2 activation in 
different tissues including endothelial cells.
33-37
 Together, our findings support a crucial role 
of JNK isoform 2 activation in obesity-induced endothelial dysfunction. RYGB and in vivo 
JNK inhibition specifically inhibit this isoform, directly at the aortic level and indirectly 
through increased GLP-1 signaling. This achieves a dual benefit - it decreases vascular 
oxidative stress and activates Akt/eNOS intracellular signaling pathways, both mechanisms 
leading to improved endothelial function.  
Remarkably, in sham-operated rats treated with D-JNK, insulin- and GLP-1-mediated 
endothelial vasodilation improved to the same extent like in RYGB-operated rats. This effect 
could have been due to direct vascular JNK inhibition, or to improved systemic insulin 
14 
 
sensitivity following hepatic JNK inhibition.
15
 To address this question, we additionally 
treated aortas with D-JNK ex vivo. Indeed, ex vivo D-JNK treatment significantly improved 
endothelial function in controlsD-TAT animals, but it had no additional effect in D-JNK animals 
beyond the effect of the chronic in vivo D-JNK treatment. Therefore, D-JNK seems to 
improve endothelial-mediated vasodilation by a direct inhibition of aortic JNK.  
Western blot analyses of aortic tissue supported this conclusion. First, we compared aortic 
JNK1 and JNK2 activation in chow-fed versus DIO rats, and we found that obesity 
specifically induced JNK2, but not JNK1, activation in aorta. Indeed, activation of JNK2, but 
not JNK1, was specifically decreased by both RYGB surgery and D-JNK treatment. D-JNK is 
able to efficiently inhibit all three isoforms of JNK, but isoform 3 has an expression profile 
limited to the heart, brain, and testes.
27 
Hence, these results suggest that 1.) JNK2, but not 
JNK1, is specifically activated in aorta under obesogenic conditions; 2.) obesity-induced 
vascular JNK2 activation is reversed by RYGB surgery; 3.) in vivo JNK inhibition mimics the 
effect of RYGB surgery on vascular JNK2. Overall, our data highlight that JNK2 activation is 
critical in obesity-induced endothelial dysfunction, and that its inhibition plays a major role in 
the improvement of endothelium-mediated vasodilation seen after RYGB. In agreement with 
our results, specific aortic JNK2 activation has been demonstrated in both wild type mice fed 
a high cholesterol diet,
18
 and in atherosclerosis-prone apoE-/- mice.
19
 
Former studies have underlined the role of JNK1 as a mediator of obesity-induced insulin 
resistance in liver, muscle, and fat.
15, 16
 In addition, a recent study demonstrated that RYGB 
surgery decreases JNK phosphorylation in the liver of diabetic rats, but it was not specified 
which JNK isoform was affected.
40
 Interestingly, here we show that hepatic JNK1 activation, 
which is induced by obesity,
15, 16 
was specifically decreased after RYGB, while hepatic JNK2 
activation was not affected by the diet or the surgery. Therefore, our results highlight the 
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tissue-specific effects of obesity on JNK1 and JNK2 activation, and the relative importance of 
each isoform in different organs. 
To further investigate the mechanisms underlying the improved endothelium-mediated 
vasodilation in response to insulin and GLP-1, we assessed by Western blot analysis the 
vascular signaling pathways which are activated by these two hormones and which lead to 
activation of eNOS. JNK2 is known to directly phosphorylate IRS-1 ser307,
14, 16
 a critical 
player in the insulin signaling pathway, which in vascular tissue leads to the activation of 
eNOS.
41
 In addition, JNK2 also directly regulates eNOS by inhibitory phosphorylation.
17 
Accordingly, we observed decreased inhibitory IRS-1 ser307 phosphorylation, increased 
activatory phosphorylation of downstream Akt at ser473, and increased activatory 
phosphorylation at ser1177 and dimerization of eNOS after both RYGB and in vivo JNK 
inhibition. Hence, JNK2 inhibition in aorta may mediate the beneficial endothelial effects of 
RYGB surgery by activating downstream signaling pathways that lead to the activation of 
eNOS and the release of vasodilatory NO.      
Increased intracellular oxidative stress can also contribute to endothelial dysfunction in 
different conditions such as T2DM, hypercholesterolemia and atherosclerosis.
18, 30, 42
 Reactive 
oxygen species (ROS) such as superoxide anions impair NO bioavailability and lead to 
endothelial dysfunction.
30
 The JNK family of proteins is known to be activated by and to 
mediate oxidative stress.
18, 31
 Our results show that pre-treating thoracic aortic rings with the 
radical scavenger SOD improved insulin- and GLP-1-mediated vasodilation in controlsD-TAT 
rats to the same extent like RYGB surgery and D-JNK treatment, confirming that oxidative 
stress contributes to the impaired endothelial function in obese rats. In line with this 
observation, the activity of NADPH oxidase, which contributes to the generation of radical 
superoxide anions,
30
 was significantly lower in the aortas of RYGB and D-JNK rats. Indeed, 
DHE staining of rat aortas confirmed that anion superoxide levels were equally decreased 
16 
 
after RYGB surgery and D-JNK treatment. NADPH oxidase activity has been shown to be 
directly modulated by JNK in microvascular endothelial cells;
43
 abrupt reoxygenation after 
hypoxia induced a NADPH-dependent increase in ROS, which was significantly blunted by 
treatment with the JNK inhibitor SP600125 or with dominant-negative JNK1.
43
 Therefore, 
specific inhibition with dominant-negative JNK1 highlighted the role of JNK1 in 
reoxygenation-induced NADPH oxidase activation, but the role of JNK2 was not investigated 
in detail.
43
 Our findings suggest that obesogenic conditions might differentially induce JNK2- 
rather than JNK1-dependent NADPH oxidase activation. Therefore, vascular JNK2 inhibition 
after RYGB surgery and in vivo JNK inhibition seems to contribute to improved endothelial 
function both by promoting NO production via eNOS, and by reducing NADPH oxidase 
activity and oxidative stress. 
We observed a similar effect on endothelial function, oxidative stress, JNK2 inactivation, and 
activation of the Akt/eNOS signaling pathway with the other commonly used JNK inhibitor, 
SP600125, which also inhibits all three isoforms of JNK
23 
(see SOM). The effect of 
SP600125 on endothelial function, however, was less pronounced than with D-JNK. 
SP600125 has been shown to inhibit multiple other kinases besides JNK,
25, 26
 which may have 
interfered with the beneficial effects of JNK inhibition on endothelial function. 
Finally, we aimed to investigate the upstream molecular pathways leading to vascular JNK2 
inactivation after RYGB. We previously showed that increased GLP-1 levels mediate the 
improved endothelial function after RYGB in a GLP-1 receptor-dependent mechanism.
12  
GLP-1 signaling is known to inhibit JNK in different tissues through activation of PKA.
33-37
 
More specifically, in human cardiac progenitor cells GLP-1 inhibited H2O2-induced activation 
of both JNK1 and JNK2,
35
 and in human coronary artery endothelial cells the GLP-1 mimetic 
exendin-4 inhibited lipotoxicity-induced activation of JNK1 while JNK2 was not 
investigated.
36 
In our DIO rat model 8-day in vivo treatment with the GLP-1 analogue 
17 
 
liraglutide seemed to mimic the effect of RYGB on aortic JNK2 inhibition in sham-operated 
rats, while in vivo treatment with the GLP-1 receptor antagonist exendin-9 blocked it in 
RYGB rats (SOM Fig. 10).
12
 In other animal studies eight-week liraglutide treatment blocked 
both JNK1 and JNK2 activation in the pancreas of diabetic mice,
44
 and four-week liraglutide 
treatment blocked JNK1 activation in the liver of HFHC-fed rats while JNK2 was not 
investigated.
45
 These results suggest that GLP-1-dependent signaling is able to differentially 
modulate JNK isoforms in a tissue-dependent manner, and that it seems to selectively inhibit 
aortic JNK2 activation under obesogenic conditions. In addition, endothelial GLP-1 signaling 
can directly lead to eNOS activation and vasodilation through activation of PKA and Akt.
38, 39 
Therefore, it is attractive to speculate that increased GLP-1 levels after RYGB could inhibit 
JNK2 in endothelial cells, leading to GLP-1- and insulin-dependent activation of eNOS and 




Interestingly, D-JNK also increased circulating GLP-1 levels and induced expression of the 
GLP-1 receptor and activation of PKA and CREB in aorta. We did not observe increased 
GLP-1 levels with SP600125, which could have been due to its less specific effects on JNK.
25, 
26
 To our knowledge, our study is the first one to show that chronic JNK inhibition is able to 
increase circulating GLP-1 levels, but the underlying molecular mechanisms are unknown and 
will require further investigations. This finding however suggests that systemic JNK 
inhibition is able to improve endothelial-mediated vasodilation both through a direct 
inactivation of aortic JNK2, and indirectly through increased GLP-1 signaling, which 
contributes to eNOS activation and JNK2 inactivation in endothelial cells (Fig. 6). Hence, our 
study demonstrates the potential of JNK2-targeted drugs to treat obesity-induced endothelial 
dysfunction and cardiovascular disease. 
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Finally, while we believe that our “proof of concept” data provide strong support for an 
important role of JNK2 in obesity-related vascular dysfunction, it is important to note that the 
currently available JNK inhibitors might not be directly suitable for the development of future 
anti-obesity JNK-targeted therapies. SP600125 is not very specific and has multiple other 
targets besides JNK,
25, 26
 which makes it unsuitable for reliable in vivo studies and for clinical 
development. D-JNK, on the other hand, has a higher JNK specificity,
27
 but in our model, and 
in agreement with in vitro studies,
46
 it induced a typical carrier peptide-dependent kidney 
toxicity that appeared to be independent from its JNK inhibitory activity
46
 (see SOM). The 
development of acute renal proximal tubule injury in both controlsD-TAT and D-JNK rats, with 
an increased severity in the D-JNK rats, agrees with the published in vitro D-TAT and D-JNK 
intrinsic length-dependent, but sequence-independent cytotoxicity.
46
 To our knowledge 
however, our study is the first to report that D-JNK can also induce cytotoxicity after in vivo 
systemic administration. Previously it had been shown that in vivo L-JNK treatment improved 
insulin sensitivity in diabetic db/db mice, but worsened diabetic albuminuria;
47
 the latter 
might have been due to D-TAT carrier peptide-induced kidney toxicity independent from the 
JNK inhibition. Our results on D-JNK kidney toxicity also agree with published data on the 
accumulation and clearance of D-JNK in different organs after a single intraperitoneal 
administration in mice; D-JNK accumulated over time and showed the highest tissue 
concentrations in kidney, liver, spleen, and pancreas.
48
 Interestingly, we did not observe 
histological signs of cytotoxicity in any other organ besides kidney. Finally, SP600125 
treatment did not induce kidney toxicity, therefore further supporting the notion that the 
observed D-JNK kidney toxicity was independent of JNK inhibition. Hence, our data suggests 
that in vivo D-JNK treatment induces kidney-specific toxicity in a D-TAT-dependent but 
JNK-independent manner. The effect appeared to be more severe in rats on a high fat high 
19 
 
cholesterol diet than in chow-fed rats. A full toxicological examination of D-JNK, however, 
was beyond the scope of our study. 
We believe that our study provides a very important proof-of-concept for the usefulness of 
JNK2 inhibition in the treatment of vascular dysfunction in obesity, although currently 
available JNK inhibitors are not suitable for the clinical development of JNK2-targeted 
therapies. Therefore, the development of novel non-peptide drugs able to maintain the same 
specific JNK inhibition while avoiding the current side effects,
49
 may become a promising 
therapy against vascular dysfunction in obesity. 
Conclusions 
Obesity-induced activation of vascular JNK2 and the associated endothelial dysfunction were 
reversed by RYGB surgery, likely in part through a GLP-1-dependent signaling mechanism. 
These beneficial effects of RYGB were mimicked by in vivo JNK inhibition, demonstrating 
the potential of JNK2-targeted therapy against obesity-induced endothelial dysfunction.  
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(A) JNK1 and JNK2 phosphorylation in the aorta of  chow-fed and DIO rats. Representative 
Western blots and densitometric quantification are shown (¢ p<0.05 normal chow vs. DIO, 
n=4-11 per group).  
Ex vivo relaxation of aortic rings isolated 8 days after RYGB or sham surgery and start of 
treatment. Cumulative concentration–response curves after submaximal contraction to 
norepinephrine (NE) in response to (B) GLP-1 and (C) insulin in RYGB, controlsD-TAT and D-
JNK rats (*, *** p<0.05, p<0.001 RYGB vs. controlsD-TAT, °°° p<0.001 controlsD-TAT vs. D-
JNK, n=7-13 per group). Results are shown as mean ± SD. 
 
Figure 2. 
Ex vivo relaxation of aortic rings isolated 8 days after sham surgery/start of treatment with or 
without 30 min ex vivo pre-incubation with 5 μM D-JNK. Concentration–response curves 
after submaximal contraction to norepinephrine (NE) in response to (A) GLP-1 and (B) 
insulin in controlsD-TAT rats, and to (C) GLP-1 and (D) insulin in D-JNK rats (##, ### p<0.01, 
p<0.001 controlsD-TAT vs. D-TAT pre-incubated 30 min ex vivo with 5 μM D-JNK, n=3-6 per 





Aortic (A) JNK1 and JNK2 phosphorylation, (B) IRS-1 ser307, (C) Akt ser473, (D) eNOS 
ser1177 phosphorylation and (E) eNOS dimerization in controlsD-TAT, RYGB, and D-JNK rats 
8 days after surgery/start of treatment. Representative Western blots and densitometric 
quantification are shown (* p<0.05 RYGB vs. controlsD-TAT, °, °° p<0.05, p<0.01 controlsD-
TAT vs. D-JNK, n=6-13 per group). Results are shown as mean ± SD. 
 
Figure 4. 
Ex vivo relaxation of aortic rings isolated 8 days after RYGB or sham surgery/start of 
treatment after 30 min ex vivo pre-incubation with 150 U/ml superoxide dismutase (SOD). 
Concentration–response curves after submaximal contraction to norepinephrine (NE) in 
response to (A) GLP-1 and (B) insulin in controlsD-TAT, RYGB, and D-JNK rats (n=3-9 per 
group).  
(C) In vitro dihydroethidium fluorescent staining of superoxide anions and relative 
quantification in aorta isolated from controlsD-TAT, RYGB and D-JNK rats 8 days after 
surgery/start of treatment. Representative pictures are shown. (D) In vitro NADPH oxidase 
activity in aorta isolated 8 days after surgery from controlsD-TAT, RYGB, and D-JNK rats  (*, 
** p<0.05, p<0.01 RYGB vs. controlsD-TAT, °, °°° p<0.05, p<0.001 controlsD-TAT vs. D-JNK, 
n=7-10 per group). Results are shown as mean ± SD. 
 
Figure 5. 
(A) Fasting plasma GLP-1 levels in controlsD-TAT, RYGB, and D-JNK rats 8 days after 
surgery/start of treatment. Aortic (B) GLP-1 receptor expression, (C) PKA phosphorylation, 
and (D) cAMP response element binding protein (CREB) phosphorylation in controlsD-TAT, 
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RYGB, and D-JNK rats 8 days after surgery/start of treatment. Representative Western blots 
and densitometric quantification are shown (*, ** p<0.05, p<0.01 RYGB vs. controlsD-TAT, ° 
p<0.05 controlsD-TAT vs. D-JNK, n=6-13 per group). Results are shown as mean ± SD. 
 
Figure 6. 
Proposed molecular signalling pathways underlying the rapid beneficial effects of 
RYGB surgery on endothelial function. RYGB surgery increases circulating GLP-1. GLP-1 
activates the endothelial GLP-1 receptor and downstream PKA, which inhibits JNK2. JNK2 
inactivation might also lead to increased expression of the GLP-1 receptor in a positive 
feedback mechanism. JNK2 directly inhibits eNOS and IRS-1 in the vascular insulin 
signalling pathway, and PKA and IRS-1 lead to Akt activation, which then directly activates 
eNOS, leading to increased NO and vasodilation. In parallel, JNK2 inactivation inhibits 
NADPH oxidase activity and decreases levels of anion superoxide, which further contributes 
to preserved NO bioavailability and vasodilation. Blue and red arrows indicate experimentally 
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Supplementary Materials and Methods 
 
Surgeries and postoperative care 
Anesthesia was induced in a chamber filled with 5% isoflurane in room air (1 L/min). After 
adequate anesthesia was achieved, rats were shaved from sternum to pelvis followed by 
disinfection with Betadine scrub (Mundi Pharma, Basel, Switzerland). Rats were positioned in 
a supine position on a heating pad and maintained under anesthesia (2%–3% isoflurane in 
room air, 0.8 L/min) for the duration of the surgery. A midline incision of approximately 4 cm 
starting just below the xiphoid process was performed. For the RYGB procedure, the 
proximal small bowel was transected approximately 20 cm distal to the pylorus of the 
stomach, creating a proximal and distal end of small bowel. The proximal end, being still 
continuous with the remaining portion of the stomach, constituted the biliopancreatic limb and 
was anastomosed to the distal small intestine, approximately 25–30 cm from the cecum, 
creating the common channel. For formation of the gastric pouch, the stomach was transected 
approximately 5 mm below the gastro-esophageal junction, creating a pouch of a size of less 
than 5% of original stomach size. The Roux-en-Y reconstruction was completed by 
connecting the distal end of the proximal small bowel to the gastric pouch, leading to 
formation of the alimentary (Roux) limb. One single RYGB procedure lasted approximately 
100 minutes. For sham operations, an anterior gastrostomy with subsequent closure was 
performed. One single sham procedure lasted approximately 30 minutes. The abdominal wall 
and the skin were closed in layers after both operations. 
Immediately after surgery, rats received 5 mL of saline subcutaneously to compensate for 
fluid loss. Rats were then placed under indirect red light in a polycarbonate cage until they 
fully recovered from anesthesia and then returned to their home cages. Baytril 10mg/kg 
(Bayer, Leverkusen, Germany) and Carprofen 5mg/kg (Norocarp, Norbrook Laboratories, 
Corby, UK) were administered before and for three days post-surgery. Post-operatively body 
weight and food intake were measured daily. During the first three post-operative days, the 
HFHC solid diet was mixed with water to facilitate swallowing. Postoperative RYGB 
mortality was between 30-50% mainly due to leakage of the lower anastomosis; sham 
mortality was 0%. 
 
Terminal blood collection 
Rats were fasted overnight and sacrificed by isoflurane anesthesia followed by heart 
exsanguination. For plasma analyses, blood was collected in Microvette EDTA vacutainers 
(Sarstedt, Nümbrecht, Germany) supplemented with a DPPIV inhibitor (Millipore, Darmstadt, 
Germany) and was kept on ice until centrifugation. For serum analyses, blood was collected 
in Microvette vacutainers (Sarstedt) and kept at room temperature until centrifugation. After 




Organs were harvested within 30 minute after exsanguination. A complete necropsy, 
including a thorough external and internal gross post mortem examination, was performed. 
The entire aorta from the heart to the iliac bifurcation was excised and placed immediately in 
cold modified Krebs-Ringer bicarbonate solution (pH 7.4, 37°C, 95% O2, 5% CO2) of the 
following composition (mmol/L): NaCl (118.6), KCl (4.7), CaCl2 (2.5), KH2PO4 (1.2), 
MgSO4 (1.2), NaHCO3 (25.1), glucose (11.1), and calcium EDTA (0.026). The aorta was 
cleaned from adhering connective tissue and either snap-frozen in liquid nitrogen and stored 
at -80°C or used immediately for ex vivo organ chamber experiments. 
For Western blotting, frozen aortae were pulverized and dissolved in lysis buffer (120 
mmol/L sodium chloride, 50 mmol/L Tris, 20 mmol/L sodium fluoride, 1 mmol/L 
benzamidine, 1 mmol/L dithiothreitol, 1 mmol/L EDTA, 6 mmol/L EGTA, 15 mmol/L 
sodium pyrophosphate, 0.8 ug/mL leupeptin, 30 mmol/L p-nitrophenyl phosphate, 0.1 
mmol/L phenylmethylsulfonyl fluoride, and 1% NP-40). 
 
Organ chamber experiments  
For endothelial function experiments, 2-3 mm long aortic rings were connected to an 
isometric force transducer (Multi-Myograph 610M, Danish Myo Technology A/S, Aarhus, 
Denmark), suspended in an organ chamber filled with 6 mL Krebs-Ringer bicarbonate 
solution (37°C, pH 7.4), and bubbled with 95% O2, 5% CO2 at 37°C. Isometric tension was 
recorded continuously. After a 30-minute equilibration period, rings were gradually stretched 
to the optimal point of their length-tension curve as determined by the contraction in response 
to potassium chloride (100 mmol/L). Concentration-response curves were obtained in a 




 mol/L; Sigma-Aldrich, St. Louis, 




mol/L; herein referred to as GLP-1; Bachem, 




 mol/L; Humalog, Lilly, Indianapolis, IN, 
USA) were recorded during submaximal contraction to norepinephrine (3x10
-6
 mol/L, Sigma-
Aldrich) in the presence or absence of Nω-nitro-L-arginine methyl ester (L-NAME, 10-4 
mol/L, Sigma-Aldrich), a non-selective nitric oxide (NO) synthase inhibitor or of the free 
radical scavenger polyethylene glycol–superoxide dismutase (SOD 150 U/mL, Sigma-
Aldrich). To study the direct ex vivo effects of D-JNK on vascular function, a subset of aortic 
rings were incubated for 30 min with 5μM D-JNK prior to performing cumulative response 





Sigma-Aldrich) was added to test endothelium-independent relaxation. Relaxations were 




DHE staining on rats aortae 
Frozen 10 m sections from aortae were cut with a Leica CM3050S cryostat and placed on 
positive-charged slides (Superfrost Plus, Thermo Scientific, Waltham, MA, USA). 
Dihydroethidium (Sigma Aldrich) was prepared as stock solution in DMSO, diluted in 
deoxygenated PBS (final concentration 5M), and applied to frozen sections for 30 min at 
37°C. Nuclei were counterstained with Hoechst 33258 (Sigma Aldrich; final concentration 
1g/ml). Slides were coverslipped and images taken on a SP8 microscope (10x/0.30 
objective; Leica, Solms, Germany), and quantified (ImageJ, NIH). DHE fluorescence was 
calculated by subtracting the autofluorescence signal (green channel) from the DHE signal 
(red channel), and normalized to the total fluorescent area. 
 
qPCR analysis 
Kidney expression of kidney injury molecule-1 (KIM-1) and lipocalin-2 (NGAL) was 
analyzed by qPCR of snap-frozen tissue. RNA was isolated from frozen kidneys with a 
miRNaeasy Mini Kit (Qiagen) and reverse transcribed with a Ready-To-Go You-Prime First-
Strand Beads (GE Healthcare, Little Chalfont, UK). Rat-specific primers were used for KIM-
1 (forward: GTGGGTCACCCTGTCACAAT, reverse: ATGTTGTATCGACCGCTGCT) and 
NGAL (forward: GATGAACTGAAGGAGCGATTC, reverse: 
TCGGTGGGAACAGAGAAAAC) (Microsynth, Balgach, Switzerland).  CT results were 
normalized to GAPDH CT. 
 
Histological analysis 
Representative samples of aorta, liver, pancreas, kidneys, thyroid glands, inguinal white 
adipose tissue and interscapular brown adipose tissue were fixed in 10% neutral buffered 
formalin and embedded in paraffin. Sections (3-5 µm thick) were prepared, mounted on glass 
slides, deparaffinised in xylene, rehydrated through graded alcohols and stained with 
haematoxylin and eosin (H&E) for the histological examination. All slides were scanned 
using digital slide scanner NanoZoomer-XR C12000 (Hamamatsu, Hamamatsu City, Japan) 
and images were taken using NDP.view2 viewing software (Hamamatsu).  
Renal injury, characterized by tubular degeneration and regeneration and interstitial 
inflammation, was assessed by light microscopy in a blinded fashion (GP). A semi-
quantitative scoring of 0-5 was employed, indicating normal histology (0), slight (1), mild (2), 





D-JNK induces carrier peptide dependent kidney toxicity 
SP600125 treatment did not affect food intake and body weight of sham-operated rats (SOM 
Fig. 2A-B). In a pilot experiment, the tolerability of D-TAT and D-JNK was assessed in non-
operated, chow-fed rats; 8-day D-TAT and D-JNK treatment did not affect body weight 
(SOM Fig.2C). On the contrary, DIO sham-operated rats receiving D-JNK ate less and 
gradually lost body weight compared to controlsD-TAT, even though the differences in body 
weight were not significant (SOM Fig. 2D-E). To investigate whether this effect on weight 
loss was due to some kind of toxicity as opposed to an obesity-protective effect of JNK 
inhibition, we measured circulating markers of liver and kidney damage; of these, only 
creatinine and cystatin C levels were specifically elevated in the D-JNK group, suggesting 
potential kidney, but not liver, toxicity of D-JNK (data not shown).  Further investigation 
demonstrated evidence for acute renal proximal tubular injury in both controlsD-TAT and D-
JNK rats as assessed by kidney histological analysis (SOM Fig. 3). Nephrotoxicity was 
characterized by ongoing tubular degeneration and necrosis, accompanied by prominent 
tubular regeneration and interstitial mixed, predominantly lymphohistiocytic cell infiltration. 
Glomeruli were not affected. Renal injury occurred not only in D-JNK but also in controlsD-
TAT rats, and was generally moderate in controlsD-TAT (approximately 50% tubules affected) or 
severe in D-JNK-treated rats (> 80% tubules affected) (SOM Fig. 3). These changes were 
accompanied by functional signs of impaired kidney function such as an increase in urinary 
excretion (SOM Fig. 4A-B) and a presumably compensatory increase in water intake in both 
controlsD-TAT and D-JNK animals (SOM Fig. 4C-D); there was no statistical difference in 
urine excretion and water intake between controlsD-TAT and D-JNK animals. Gene expression 
analysis of the acute kidney injury markers kidney injury molecule-1 (KIM-1) and neutrophil 
gelatinase-associated lipocalin/lipocalin 2 (NGAL) confirmed the severe kidney injury in the 
DIO D-JNK rats, while indicating milder damage in the DIO controlsD-TAT rats and in the non-
operated, normal chow-fed D-TAT and D-JNK treated animals from the pilot experiment 
(SOM Fig. 4E-F). Of note, SP600125 treatment did not affect KIM-1 and NGAL expression 
(SOM Fig. 4E-F).  
There were no biochemical and histological signs of toxicity in controlsD-TAT and D-JNK rats 
in other organs such as liver, pancreas, and aorta (data not shown). Previously it had been 
published that D-TAT-conjugated peptides such as D-JNK could induce cytotoxicity in vitro 
in a length-dependent but sequence independent manner, i.e. conjugation of the D-TAT 
carrier peptide with another peptide increased the cytotoxicity in proportion to the total 
peptide length, and not the specific sequence of the conjugated peptide.
1
 To our knowledge, 
there are no previous studies demonstrating in vivo D-JNK toxicity. Therefore, the observed 
kidney toxicity was likely due to length-dependent intrinsic cytotoxicity of the D-TAT carrier 
peptide.
1
 This would explain why signs of kidney toxicity were observed in both controlsD-TAT 
 and D-JNK rats, but the severity was higher in the D-JNK rats independently from the JNK 
inhibitory activity of D-JNK, and why we did not observe any toxicity with SP600125. The 
high-fat high-cholesterol diet seemed to worsen the observed kidney-specific toxicity. 
 
In vivo JNK inhibition with SP600125 induces beneficial JNK2-dependent vascular 
effects similar to RYGB surgery  
8-day treatment of DIO sham-operated ad libitum-fed rats with SP600125 tended to improve 
endothelium-mediated vasodilation in response to GLP-1 and insulin similar to RYGB 
surgery, although the difference to controlsDMSO rats was not significant (SOM Fig. 6). In vivo 
SP600125 treatment also decreased aortic JNK2 and IRS-1 ser307 phosphorylation and 
increased Akt ser473 phosphorylation and eNOS dimerization similar to RYGB surgery and 
D-JNK (SOM Fig. 7). Additionally, in vivo SP600125 treatment also decreased aortic 
NADPH activity and anion superoxide levels similar to RYGB surgery (SOM Fig. 8A-B). 
Interestingly, SP600125 did not affect circulating GLP-1 levels (SOM Fig. 8C). These results 
with a different JNK inhibitor independently demonstrate the direct role of vascular JNK2 
inactivation in decreasing oxidative stress and in activating eNOS signalling pathways that 
lead to improved endothelial function after RYGB surgery. 
 
RYGB surgery decreases hepatic JNK1 activation  
We observed increased activation of JNK1, but not JNK2, in the livers of DIO vs. chow-fed 
rats (SOM Fig. 9A). RYGB specifically reduced hepatic JNK1 activation 8 days after surgery 
compared with controlsD-TAT and D-JNK rats; D-JNK had no effect compared to controlsD-TAT 
(SOM Fig. 9B).  
 
In vivo treatment with a GLP-1 analogue and a GLP-1 receptor antagonist seem to 
regulate JNK signalling in aorta 
We previously treated sham-operated rats with the GLP-1 analogue liraglutide, and RYGB-
operated rats with the GLP-1 receptor antagonist exendin-9 for 8 days post-surgery; in vivo 
liraglutide treatment mimicked, and in vivo exendin-9 treatment blocked the improved 
endothelial function after RYGB.
2
 To investigate whether GLP-1 receptor signalling regulates 
JNK isoform activation in aorta, we specifically looked at aortic JNK1 and JNK2 activation in 
the liraglutide- and exendin-9-treated rats from our previous study.
2
  In vivo liraglutide 
treatment seemed to mimic the effect of RYGB on JNK2 inactivation in sham-operated rats, 
while in vivo exendin-9 treatment blunted this effect in RYGB-operated rats (SOM Fig. 10). 
 
Supplementary figure legends 
SOM Figure 1. 
Experimental design of animal experiments. After 7 weeks of high fat high cholesterol diet, 
male Wistar rats underwent RYGB or sham surgery, and were sacrificed 8 days later for ex 
vivo endothelial function experiments. (A) RYGB-operated rats, sham-operated ad libitum-fed 
rats treated with the JNK inhibitor D-JNK, and control sham-operated rats treated with the 
control peptide D-TAT for 8 days post-surgery. (B) RYGB-operated rats, sham-operated ad 
libitum-fed rats treated with the JNK inhibitor SP600125, and control sham-operated rats 
treated with vehicle (DMSO) for 8 days post-surgery. 
 
SOM Figure 2. 
(A) 24-hour food intake and (B) body weight of AL, RYGB and SP rats before and after 
surgery and start of treatment (surgery/start of treatment was on day 0). (C) Body weight of 
non-operated, chow-fed rats treated with D-TAT and D-JNK for 8 days (n=4 per group). (D) 
24-hour food intake and (E) body weight of controlsD-TAT, RYGB and D-JNK rats before and 
after surgery and start of treatment (*, **, *** p<0.05, p<0.01, p<0.001 RYGB vs AL, SP, 
and controlsD-TAT, 
&&&
p<0.001 RYGB vs. D-JNK, °°° D-JNK vs. controlsD-TAT, n=8-13 per 
group). Results are shown as mean ± SD. 
 
SOM Figure 3. 
Histological analysis (hematoxylin and eosin stain) of the kidney from a (A) D-JNK rat and a 
(B) controlsD-TAT rat euthanized 8 days after sham surgery/start of treatment. Representative 
micrographs of severe (A) and moderate (B) nephrotoxicity are shown, characterized by 
variable combinations of degenerating/necrotic (arrows) and regenerating (open arrows) 
tubules and interstitial inflammation (arrowheads). Only very few unaffected tubules (N) are 
displayed in A. Glomeruli (G) are unaltered in both examples. 
 
SOM Figure 4. 
24-hour urine excretion in (A) controlsD-TAT rats and (B) D-JNK rats, and 24-hour water 
intake in (C) controlsD-TAT rats and (D) D-JNK rats 1 day before and 7 and 8 days after 
surgery and start of treatment (#, ##, ### p<0.05, p<0.01, p<0.001 Day -1 vs. Day 7 and Day 
8, n=6 per group). qPCR analysis of kidney expression of (E) KIM-1 and (F) NGAL 8 days 
after surgery and start of treatment (°, °°° p<0.05, p<0.001 D-JNK vs. all other groups, n=4-7 
per group). Results are shown as mean ± SD. 
 
SOM Figure 5. 
Ex vivo relaxation of aortic rings isolated 8 days after RYGB or sham surgery and start of 
treatment. Concentration–response curves after 30 min pre-incubation with 10-4 mol/L L-
NAME and submaximal contraction to norepinephrine (NE) in response to (A) GLP-1 and (B) 
insulin in controlsD-TAT, RYGB, and D-JNK  rats (n=3 per group). Results are shown as mean 
± SD. 
 
SOM Figure 6. 
Concentration–response curves after submaximal contraction to NE in response to (A) GLP-1 
and (B) insulin in RYGB, controlsDMSO, and SP600125  rats (*, **, *** p<0.05, p<0.01, 
p<0.001 RYGB vs. controlsDMSO, 
&&, &&&
 p<0.01, p<0.001 RYGB vs. SP600125, n=5-10 per 
group). Results are shown as mean ± SD. 
 
SOM Figure 7. 
Aortic (A) JNK1 and JNK2 phosphorylation, (B) IRS-1 ser307, (C) Akt ser473, (D) eNOS 
ser1177 phosphorylation and (E) eNOS dimerization in controlsDMSO, RYGB, and SP600125 
rats 8 days after surgery/start of treatment. Representative Western blots and densitometric 





p<0.05, p<0.01 controlsDMSO vs. SP600125, n=5-11 per group). Results are shown as mean ± 
SD. 
 
SOM Figure 8. 
 (A) In vitro dihydroethidium fluorescent staining of superoxide anions and relative 
quantification in aorta isolated from controlsDMSO, RYGB and SP600125 rats 8 days after 
surgery/start of treatment. Representative pictures are shown. (B) In vitro NADPH oxidase 
activity in aorta isolated 8 days after surgery from controlsDMSO, RYGB, and SP600125 rats. 
(C) Fasting plasma GLP-1 levels in controlsDMSO, RYGB, and SP600125 rats 8 days after 
surgery/start of treatment (* p<0.05 RYGB vs. all other groups, § p<0.05 controlsDMSO vs. 
SP600125, n=6-16 per group). Results are shown as mean ± SD. 
 
SOM Figure 9. 
Hepatic JNK1 and JNK2 phosphorylation in (A) normal chow-fed vs. DIO rats; (B) controlsD-
TAT, RYGB, and D-JNK rats 8 days after surgery/start of treatment. Representative Western 
blots and densitometric quantification are shown (¢ p<0.05 normal chow vs. DIO, * p<0.05 
RYGB vs. all other groups, n=4-13 per group). Results are shown as mean ± SD. 
 
SOM Figure 10. 
Aortic JNK1 and JNK2 phosphorylation in sham-operated rats treated with vehicle (controls) 
or liraglutide 0.2 mg/kg b.i.d. s.c. (controls-lira) and RYGB-operated rats treated with vehicle 
(RYGB) or exendin-9 10 μg·kg−1·h−1 (RYGB-exe9) 8 days after surgery and start of treatment; 
tissues were taken from rats of a previous study.
2
 Representative Western blots and 
densitometric quantification are shown (** p<0.05 RYGB vs. all other groups, n=6-8 per 
group). Results are shown as mean ± SD. 
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We investigated the rapid and weight loss-independent effects of RYGB on endothelial 
function and HDL endothelial protective properties in obesity, and the underlying molecular 
mechanisms. Using a rat model of diet induced-obesity, we showed that: 1.) RYGB improves 
endothelial-mediated vasodilation and HDL endothelial protective properties within 8 days 
in a weight-loss independent manner; 2.) the effects on vasodilation in the aorta are 
mediated by GLP-1 in a GLP-1 receptor- and JNK2-dependent mechanisms; 3.) some effects 
on HDL endothelial protective properties are likely mediated by a GLP-1-dependent, but 
GLP-1 receptor-independent mechanism. 
6.1 RYGB improves endothelial function rapidly and independently of weight loss 
Obesity is characterized by a systemic chronic inflammation, oxidative stress, and insulin 
resistance, which are crucial mechanisms contributing to endothelial dysfunction [73, 120]. 
Insulin signalling in the vasculature leads to activation of eNOS, which is the critical enzyme 
responsible for vasodilatory NO production [71, 121-123]. Therefore, obesity-induced 
vascular insulin resistance impairs eNOS activation, NO production, and blood vessel dilation 
[73, 122-124]. In addition, oxidative stress, which is characterized by increased levels of 
reactive oxygen species such as anion superoxide, also contributes to impaired blood vessel 
dilation by depleting NO; the anion superoxide radical reacts with NO to form peroxynitrite, 
and therefore decreases functional NO levels [72, 73, 125]. The resulting endothelial 
dysfunction is a major pathology contributing to the development of cardiovascular diseases 
such as atherosclerosis and hypertension [71, 72, 124]. Therefore, obesity-induced oxidative 
stress, vascular insulin resistance, and endothelial dysfunction are crucial mechanisms 
underlying the development of obesity-associated cardiovascular disease. 
In the present study we show that RYGB surgery ameliorates vascular insulin resistance, 
oxidative stress, and endothelial dysfunction in diet-induced obese rats. Compared to sham-
operated ad libitum-fed controls, RYGB induced aortic activation of Akt, an upstream 
activator of eNOS [71, 121-123], and activation of eNOS itself; in addition, RYGB decreased 
anion superoxide levels and increased NO in aortic tissue. Ex vivo endothelial function 
experiments with thoracic aorta demonstrated that RYGB surgery improved GLP-1- and 
insulin-mediated vasodilation (Fig. 5A-B); this improvement was eNOS-dependent as it was 
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blocked by the eNOS inhibitor Nω-nitro-L-arginine methyl ester (L-NAME).  All of the these 
effects occurred rapidly within 8 days after surgery, and in a weight loss-independent 
manner as they were not observed in sham-operated rats body weight-matched to the RYGB 
rats. Therefore, RYGB surgery leads to improved endothelial function by activating eNOS 





Fig. 5. Ex vivo endothelial-mediated vasodilation of RYGB- and sham-operated rats 8 days after surgery. (A) 
Insulin- and (B) GLP-1-induced vasodilation in RYGB and sham ad libitum-fed and body-weight matched 
controls (*Sham-operated rats vs RYGB, §controls vs weight-matched, °RYGB vs weight matched, P<0.05). (C) 
Insulin- and (D) GLP-1-induced vasodilation in RYGB rats treated with exendin-9 or vehicle, and sham rats 
treated with liraglutide or vehicle (#RYGB vs controls, ~RYGB vs RYGB-exendin9-39, °controls-liraglutide vs 






6.1.1 Role of GLP-1 in mediating the effects of RYGB on endothelial function 
Postprandial GLP-1 levels quickly rise after RYGB surgery and GLP-1 has been shown to 
mediate some of the weight-independent effects of RYGB on improved glucose metabolism, 
insulin sensitivity, and type 2 diabetes remission in obese patients [86, 89-92, 95-100]. 
Fasting plasma GLP-1 levels were increased rapidly and independently of weight loss in our 
rat RYGB model. Therefore, we hypothesized that increased GLP-1 levels might also mediate 
the rapid and weight-independent improvements in endothelial function after RYGB. To test 
this hypothesis, we treated obese sham-operated rats with the GLP-1 analogue liraglutide, 
and RYGB-operated rats with the GLP-1 receptor antagonist exendin-9 in vivo for 8 days after 
surgery. In vivo treatment of sham-operated rats with liraglutide improved GLP-1- and 
insulin-mediated vasodilation to the same extent like RYGB surgery, while in vivo treatment 
of RYGB-operated rats with exendin-9 blocked this improvement in endothelial function (Fig. 
5C-D). These results were accompanied by respective activation/inhibition of Akt and eNOS, 
decreased/increased levels of anion superoxide, and increased/decreased levels of NO. 
Therefore, this experiment suggests that GLP-1 agonism is able to mimic the beneficial 
effects of RYGB on endothelial function in a GLP-1 receptor-dependent and body weight 
loss-independent mechanism. Indeed, we observed increased aortic expression of the GLP-1 
receptor in RYGB rats compared to both sham-operated control rats and sham-operated rats 
body weight-matched to RYGB. Vascular activation of the GLP-1 receptor can lead to 
activation of Akt and eNOS and vasodilation [126-129]. Therefore, the rapid and weight-
independent increase in GLP-1 levels after RYGB surgery could activate the endothelial GLP-1 
receptor and downstream Akt and eNOS, leading to increased NO levels and improved 
vasodilation.  
6.1.2 Role of JNK2 in mediating the effects of RYGB on endothelial function 
In addition to activation of the vascular GLP-1-eNOS signalling pathway after RYGB, we also 
observed decreased activation of JNK, which is known to mediate insulin resistance in 
obesity by inhibiting IRS-1 of the insulin signalling pathway [110-112]; vascular JNK can also 
inhibit eNOS itself [117]. In addition, it has been shown that GLP-1 signalling can inhibit JNK 
in variety of tissues via activation of PKA and the transcription factor CREB [130-134]. 
Therefore, we hypothesized that vascular JNK inhibition also mediates the rapid and weight-
independent beneficial effects of RYGB on endothelial function. To test this hypothesis, we 
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treated obese sham-operated rats with two different JNK inhibitors in vivo for 8 days after 
surgery. In vivo treatment of sham-operated rats with the SP600125 inhibitor tended to 
improve GLP-1- and insulin-mediated vasodilation in a weight loss-independent manner, 
while treatment with the D-JNK inhibitor completely mimicked the effect of RYGB surgery on 
improved vasodilation (Fig. 6). These results were accompanied by increased activation of 
Akt and eNOS and decreased levels of anion superoxide in both D-JNK- and SP600125-
treated rats similar to RYGB surgery. Both RYGB surgery and in vivo JNK inhibition with D-JNK 
and SP600125 specifically decreased aortic activation of JNK2 and inhibitory phosphorylation 
of IRS-1 at ser307, the direct downstream target of JNK in the insulin signalling pathway 
[110, 112]. Therefore, this experiment suggests that specific JNK2 inhibition mediates the 
beneficial effects of RYGB on endothelial function by activating the vascular insulin signalling 
pathway that also leads to Akt and eNOS activation and vasodilation [71, 121-123]. As 
previously mentioned, GLP-1 signalling can inhibit JNK via activation of PKA and CREB [130-
134]. Interestingly, while SP600125 treatment did not affect circulating GLP-1 levels in sham-
operated rats, D-JNK treatment increased GLP-1 levels similar to RYGB surgery. This increase 
in GLP-1 was accompanied by increased expression of the GLP-1 receptor and increased 
activation of PKA and CREB in the aorta in both RYGB-operated and D-JNK-treated rats. In 
addition, liraglutide treatment in sham-operated rats seemed to decrease aortic JNK2 
activation, while exendin-9 treatment in RYGB-operated rats blocked this effect.  
Therefore, the rapid and weight-independent increase in GLP-1 levels after RYGB surgery 
could activate the endothelial GLP-1 receptor and downstream PKA, leading to inhibition of 
JNK2 and downstream activation of IRS-1, Akt and eNOS, increased NO levels, decreased 





Fig. 6. Ex vivo endothelial-mediated vasodilation of RYGB and sham-operated rats 8 days after surgery and in 
vivo JNK inhibition. (A) Insulin- and (B) GLP-1-induced vasodilation in RYGB and sham rats treated with D-JNK 
or control peptide D-TAT (*, *** p<0.05, p<0.001 RYGB vs. controlsD-TAT, °°° p<0.001 controlsD-TAT vs. D-JNK). (C) 
Insulin- and (D) GLP-1-induced vasodilation in RYGB and sham rats treated with SP600125 or vehicle (*, **, *** 
p<0.05, p<0.01, p<0.001 RYGB vs. controlsDMSO, &&, &&& p<0.01, p<0.001 RYGB vs. SP600125). 
 
6.2 RYGB improves HDL properties rapidly and independently of weight loss 
Obesity is also characterized by dyslipidemia, an imbalanced increase in triglycerides, total 
cholesterol, and pro-atherosclerotic LDL levels, and a decrease in anti-atherosclerotic HDL 
levels [15, 18]. In addition, pathological situations associated with obesity, in particular type 
2 diabetes [135] and CAD [136], impair the physiological protective properties of HDL; hence, 
HDL’s properties to preserve endothelial NO bioavailability and to promote vascular health 
are lost [64]. Once dysfunctional, HDL contributes to endothelial dysfunction [64]. Therefore, 
both endothelial dysfunction and altered HDL metabolism contribute to the increased 
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obesity-associated cardiovascular risk. The failure of HDL-raising treatments to prevent 
cardiovascular disease has highlighted the necessity to gain a deeper insight into HDL 
functioning in order to target HDL in a clinically relevant way to lower cardiovascular disease 
[64, 65]. Thus, assessing the properties of HDL is more informative than measuring HDL 
plasma levels alone [64]. 
In humans, RYGB is able to raise HDL levels and significantly ameliorate dyslipidemia [58-61]. 
We did not observe increased HDL levels in our rat RYGB model 8 days after surgery, but 
considering that functional HDL properties are more important than total HDL levels for 
cardiovascular health [64], we assessed the endothelial protective properties of HDL isolated 
from RYGB- and sham-operated rats using in vitro functional assays. Compared to sham-
operated ad libitum-fed controls, RYGB surgery improved HDL cholesterol efflux capacity, 
HDL ability to stimulate endothelial NO production, and HDL anti-oxidative, anti-
inflammatory, and anti-apoptotic properties. All of the these effects occurred rapidly within 
8 days after surgery, and in a weight loss-independent manner as they were not observed in 
sham-operated rats body weight-matched to the RYGB rats. We also studied the role of 
increased GLP-1 levels in mediating the rapid and weight loss-independent effects of RYGB 
on endothelial protective HDL properties. In vivo treatment of sham-operated rats with 
liraglutide improved some of the HDL endothelial protective properties similar to RYGB 
surgery, while in vivo treatment of RYGB-operated rats with exendin-9 did not affect 
functional HDL properties. This result suggests that, unlike endothelial function, RYGB 
improves HDL functional properties in a GLP-1 receptor-independent mechanism. So far, 
cellular effects of GLP-1 independent from the classical GLP-1 receptor have been observed 
in several different organs, including the liver and the cardiovascular system, but the 
putative alternative GLP-1 receptors are still unknown [137]. Therefore, it is possible that 
some of the effects of RYGB surgery on HDL function are mediated by GLP-1 through a 
mechanism independent from the classical GLP-1 receptor. 
Important for the translational validation of our rat study in humans, we also performed an 
in vitro functional analysis of HDL endothelial protective properties in obese patients before 
and after RYGB surgery. Similar to our rat RYGB model, in obese patients RYGB improved 
HDL cholesterol efflux capacity, its ability to stimulate endothelial NO production, and its 
anti-oxidative, anti-inflammatory, and anti-apoptotic properties; most of these effects 
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occurred within 2 weeks after surgery and in a weight loss-independent manner when 
compared to BMI-matched controls. A major limitation of the study design in humans was 
the lack of a diet- or calorie restriction-matched control group. Even though it has been 
shown that the early beneficial effects of RYGB surgery o  i suli  resista e a d β-cell 
function are independent from weight loss [89, 90], other studies have suggested that 
severe caloric restriction, which is typical of the immediate RYGB post-operative period, is 
pri arily respo si le for the rapid i prove e ts i  i suli  resista e a d β-cell function 
after RYGB surgery [138-140]. Therefore, early caloric restriction prior to major weight loss 
might also be involved in the improvement of HDL functional properties after RYGB in 
humans; our data in rats does not support this hypothesis as the body weight-matched 
control group was calorie-restricted similar to the RYGB-operated group. Nevertheless, 
further investigations using not only BMI-matched, but also calorie intake-matched control 
groups in humans are needed to better differentiate between the weight loss- and calorie 
restriction-dependent and -independent effects of RYGB on HDL functional properties. 
Interestingly, even though total HDL levels were not changed 8 days after RYGB surgery in 
our rat model, the cholesterol distribution profile shifted towards smaller HDL particles 
compared to both sham-operated ad libitum-fed rats and sham-operated rats body weight-
matched to RYGB. It has been recently suggested that HDL size and molecular composition 
are crucial contributors to HDL cardiovascular protective effects [65-67]. Low concentrations 
of small HDL have been reported to be an independent risk factor for myocardial infarction 
and cardiovascular mortality [65]. Small HDL particles were also shown to be most efficient 
in stimulating the atheroprotective cholesterol efflux capacity in macrophages [66, 67], and 
in inhibiting LDL oxidation and endothelial apoptosis [67]. Accordingly, the improved 
functionality of smaller HDL particles was associated with their molecular composition, with 
a favorable role played by increased levels of the phospholipids phosphatidylcholine and 
phosphatidylserine, along with decreased levels of sphingomyelin, free cholesterol, 
cholesteryl esters, and triglycerides [67]. The observed improvement in HDL functional 
properties after RYGB might therefore be directly linked to changes in HDL molecular 
composition and distribution profile, which in rats was shifted towards smaller and 
potentially more protective HDL particles. In contrast, clinical studies have suggested that 
RYGB surgery in humans shifts the HDL distribution profile towards larger, more mature HDL 
particles [68, 69]. This discrepancy could be due to species-specific differences in HDL 
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remodelling and reverse cholesterol transport. Therefore, it will be important to further 
study the role of HDL remodelling in mediating the improved HDL functionality after RYGB in 
both obese patients and animal models, but the results of such additional investigations are 
beyond the scope of the present PhD thesis.  
Therefore, the above results suggest that RYGB surgery improves HDL endothelial protective 
properties rapidly and independently of weight loss in both rats and humans; the exact 
molecular mechanisms are unknown but might be mediated by changed HDL size and 
composition in a GLP-1-dependent, but GLP-1 receptor-independent manner. 
6.3 RYGB increases GLP-1 levels rapidly and independently of weight loss 
Fasting plasma GLP-1 levels were increased rapidly and independently of weight loss in our 
rat RYGB model and mediated the improved endothelial function and some HDL properties 
after RYGB surgery. Currently there are two major hypotheses to explain the rapid and 
weight-independent increase in GLP-1 levels seen after RYGB: 1.) rapid increased delivery of 
undigested food to the alimentary limb and common channel, which leads to gut 
hypertrophy and stimulates the increased secretion of GLP-1 by enteroendocrine L cells 
[141-144]; 2.) rapid increased delivery of undiluted bile acids to the common channel, which 
can also stimulate increased secretion of GLP-1 by enteroendocrine L cells [145]. 
The unique anatomical rearrangement of the gastrointestinal tract after RYGB creates such 
conditions where largely undigested food passes from the gastric pouch directly into the 
small intestine; food cannot be properly digested and absorbed in the newly created 
alimentary limb because mixture with digestive pancreatic enzymes occurs only after the Y 
junction in the common channel. Indeed, RYGB surgery results in faster gastric pouch 
emptying, thus exposing enteroendocrine cells to nutrients more rapidly than under normal 
conditions [141, 144]; in RYGB patients faster gastric pouch emptying is associated with 
increased secretion of GLP-1 [141]. As an adaptive mechanism, it has been shown that RYGB 
surgery in rats leads to general hypertrophy of both the alimentary and common limbs, 
which is accompanied by a corresponding doubling of the total number of L cells [142, 143], 
and by an increase in preproglucagon gene expression [143]. Therefore, after RYGB surgery 
enteroendocrine L cells located throughout the alimentary limb and common channel are 
not only rapidly exposed to greater amounts of undigested nutrients than under normal 
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conditions, but their total numbers are also increased, resulting in increased secretion of 
GLP-1 .  
Bile acids can also stimulate GLP-1 secretion from enteroendocrine L cells [146-148]. The 
unique anatomical gut rearrangement after RYGB also creates conditions where undiluted 
bile acids pass from the newly created biliopancreatic limb directly into the common channel 
[145]. Indeed, surgical drainage of endogenous bile into the distal ileum in rats is associated 
with increased levels of GLP-1 [145]. In humans, RYGB has been shown to increase both 
fasting and postprandial bile acid levels one and two years after surgery [149-152], and 
postoperative bile acid levels correlate with postprandial GLP-1 excursions [149, 153]. Some 
studies show that the increase in bile acids after RYGB occurs as early as one and three 
months after surgery with a concomitant increase in GLP-1 levels [145, 154], while other 
studies suggest that the increase in GLP-1 levels precedes the increase in bile acids, and that 
the latter occurs only after one-two years [151, 152]. Nevertheless, the observed increase in 
bile acids after RYGB occurs in a weight-loss independent manner as there is no change in 
bile acid levels with an equivalent weight loss after AGB surgery [145, 153]. Finally, the 
combination of food and bile acids is able to elicit a greater postprandial GLP-1 secretion 
than food or bile acids alone [145], and the mean preproglucagon gene expression per cell is 
specifically increased in the common channel after RYGB, reflecting  the potential 
contribution of bile acids in stimulating GLP-1 secretion [143]. Therefore, it is likely that a 
weight loss-independent increase in bile acids after RYGB also contributes to increased 
secretion of GLP-1. 
In agreement with this hypothesis, in our rat RYGB model we observed increased fasting 
plasma bile acid levels concomitant with increased fasting GLP-1 levels, which occurred 
within 8 days after surgery and in a weight loss-independent manner as they were not 
observed in sham-operated rats body weight-matched to the RYGB rats. Currently the exact 
mechanisms responsible for the increased bile acid levels after RYGB surgery are unknown, 
but is has been proposed that RYGB increases the enterohepatic circulation of bile acids by 





6.4 Conclusions and future perspectives 
The present study suggests that RYGB surgery improves obesity-induced endothelial 
dysfunction in a GLP-1-dependent and JNK2-dependent mechanism, and in parallel improves 
HDL endothelial protective properties rapidly and independently of weight loss. The unique 
anatomical gut rearrangement after RYGB allows for increased and rapid delivery of 
nutrients and bile acids to the small intestine, which stimulates enteroendocrine L cells to 
secrete GLP-1 [91, 99, 101, 141, 145]. In endothelial cells GLP-1 activates the GLP-1 receptor 
and downstream PKA, Akt, and eNOS signalling, leading to increased production of 
vasodilatory NO [126-129]. GLP-1 receptor-dependent PKA signalling also inhibits JNK2 [130-
134], thus activating IRS-1 and the downstream insulin signalling pathway that also leads to 
activation of Akt and eNOS [71, 121-123]. GLP-1-dependent JNK2 inhibition also decreases 
vascular oxidative stress and further contributes to increased NO levels, therefore leading to 
increased endothelial-dependent vasodilation and improved vascular function [72, 125]. In 
parallel, RYGB surgery induces HDL remodelling and increases HDL pro-vasodilatory, anti-
atherogenic, anti-inflammatory, anti-oxidative, and anti-apoptotic properties [65-67], which 
further contribute to the improved endothelial function observed after surgery [64]. 
Improved endothelial function might then contribute to ameliorating obesity-associated 
cardiovascular disease risk after RYGB surgery [72, 124]. 
Experiments with GLP1 receptor knockout mice and JNK2 knockout mice would need to be 
performed in order to confirm the roles of GLP-1 and JNK2 in the improved endothelial 
function after RYGB surgery. If the proposed molecular mechanism is true, one should 
expect that GLP-1 receptor knockout mice, despite losing weight similarly to wild type mice 
[106-108], would not benefit from the endothelial protective effects of RYGB. JNK2 knockout 
mice, on the other hand, would be protected from obesity-induced endothelial dysfunction 
even though they are not protected from obesity [111, 112, 116], and RYGB surgery would 
not have an additional beneficial effect on endothelial function. 
Understanding the weight loss-independent molecular mechanisms that lead to improved 
endothelial and HDL function after RYGB surgery will help to identify putative targets for 
future non-invasive anti-obesity pharmacological therapy that mimics the effects of RYGB. 
The present study identifies two such targets that mediate the beneficial effects of RYGB on 
vascular function – the intestinal hormone GLP-1 and the stress-activated kinase JNK. 
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Synthetic GLP-1 agonists and analogues such as liraglutide and exenatide are already in use 
to treat o esity a d type 2 dia etes, a d their effe ts o  i proved β-cell function and 
glucose tolerance in the pancreas, and on reduced food intake and increased satiation in the 
central nervous system have been extensively studied [40, 41, 94]. In our study, we 
additionally demonstrate that GLP-1 mediates weight-independent beneficial effects of 
RYGB on the cardiovascular system, which could be used to further tailor GLP-1-based 
therapies to treat or prevent obesity-associated cardiovascular disease. Similarly, 
pharmacological JNK-targeted therapy could be used to treat or prevent obesity-associated 
cardiovascular disease. Numerous in vivo animal studies have demonstrated the beneficial 
effects of several different JNK inhibitors on metabolic pathologies [155-157]; the present 
study adds the improvement of obesity-induced endothelial dysfunction to these beneficial 
effects. Unfortunately, however, we also demonstrate that pharmacological approaches 
might have undesirable and severe side effects, as in our case the D-JNK inhibitor resulted in 
unspecific but acute kidney toxicity. Future development of JNK-targeted or other anti-
obesity therapies will require not only complete understanding of the molecular actions of 















AGB – adjustable gastric banding 
ApoE – apolipoprotein E 
BMI – body mass index 
CAD – coronary artery disease 
CREB – cAMP response element binding protein 
eNOS – endothelial nitric oxide synthase 
FMD – flow-mediated dilation 
GLP-1 – glucagon-like peptide-1 
HbA1c – glycated haemoglobin, haemoglobin A1c 
HDL – high-density lipoprotein 
IRS-1 – insulin receptor substrate-1 
JNK – c-jun N-terminal kinase 
LDL – low-density lipoprotein 
L-NAME - Nω-nitro-L-arginine methyl ester 
NO – nitric oxide 
PKA – protein kinase A 
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